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 Continuous inter-limb coordination is the movement relationship between body limb 
segments (e.g. an arm and a leg) (Magill & Anderson, 2014) and is organized within the 
framework of the characteristics of the environmental conditions, the task demands, and the limb 
dynamics (e.g. the action capabilities of the individual) (Holt et al., 2000). When maximal 
coordination is achieved, stability, which is the defined as the system’s ability to offset a 
perturbation (Li et al., 2005), is optimized (Meyns et al., 2012). Individual coordinative 
relationships provide insights into neuromuscular deficiencies and their corresponding 
coordination difficulties (Kurz & Stergiou, 2004), such as those affecting children with cerebral 
palsy (CP) (Meyns et al., 2012). CP describes a group of neurodevelopmental disorders 
attributed to a non-progressive disturbance in the developing brain (Bax et al., 2005). Children 
with unilateral spastic CP (USCP), the most common subtype (Odding et al., 2006), are affected 
on one side of their body, experience problems with bimanual coordination, and indicate lower 
levels of inter-limb coordination and stability compared to their typically developing peers. This 
can affect both their functional independence and quality of life (Steenbergen et al., 2008; Meyns 
et al., 2012). To date, no study has evaluated whether inter-limb coordination of this population 
during a gross motor task can be improved with treatment. The goals of this study were to 
evaluate continuous inter-limb coordination and stability in children with USCP compared to 
 
 
typically developing children (TDC) and to determine if coordination and stability of children 
with USCP could be improved with intensive upper extremity (UE) intervention. Constraint 
Induced Movement Therapy (CIMT) and Hand Arm Bimanual Intensive Therapy (HABIT) were 
employed to both improve UE function and determine whether inter-limb coordination and 
stability are also improved. A total of 33 age-matched children participated, divided evenly into 
three groups of Treatment (n=6, CIMT; n=5, HABIT), No-Treatment, and Typically Developing. 
Vicon 3-D motion capture was used to collect movement data. Continuous measures of 
coordination using relative phase analysis, including Mean Absolute Relative Phase (MARP) and 
Deviation Phase (DP) were used to quantify coordination (MARP) and stability (DP) during 
novel, gross motor tasks of standing and in-place marching with symmetric and asymmetric arm 
swing. Results indicated that children with USCP have a lower level of coordination compared to 
TDC (p<0.05), but there is no difference in the stability of their patterns (p>0.05). This indicates 
that all children have difficulty producing consistent cyclical movements with their arms, 
regardless of pathology. All children also demonstrated greater difficulty coordinating their UE 
during the in-place marching tasks compared to the standing tasks (p<0.05), which may be due to 
the inherent increase in degrees of freedom associated with the addition of the lower extremities 
to the task. Treatment of either CIMT or HABIT improved coordination between the arms 
(p<0.05), but also decreased stability between the more affected arm and leg during the in-place 
marching tasks (p<0.05) with symmetric and asymmetric arm swing, respectively. This decrease 
in stability may represent the children’s inability to consistently execute the same cyclical 
movements for an extended period of time due to their newly learned patterns resulting from 
improvements in UE function after treatment. This is the first study to identify similarities in 
stability between TDC and children with USCP and to demonstrate improvements in continuous, 
 
 
inter-limb coordination after intensive UE intervention in this pathologic population. The finding 
that TDC do not indicate greater stability in their motor patterns may imply that their patterns are 
not yet mature. Therefore, it may be efficacious to intervene at a young age to ensure correct 
coordinative patterns are learned and become stable as the child matures. Evidence that both 
function and continuous coordination between the arms are improved after intervention also 
suggests that with increased gross motor practice during the intervention, continuous inter-limb 
coordination may improve in a greater variety of tasks. Due to the prominence and accessibility 
of UE interventions, implementation of more gross motor tasks may be an economical way to 
advance coordination, which can positively impact activities of daily living and increase 
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I.  INTRODCUTION 
 i. Continuous Inter-Limb Coordination of Pathological Populations 
Continuous inter-limb coordination is the movement relationship between body limb 
segments (e.g. an arm and a leg) (Magill & Anderson, 2014) and is organized within the 
framework of the characteristics of the environmental conditions, the task demands, and the limb 
dynamics (e.g. the action capabilities of the individual) (Holt et al., 2000). Appropriate inter-limb 
coordination may differ from individual to individual due to a person’s intrinsic constraints, such 
as limb stiffness. However, when an organism achieves appropriate coordination, stability is 
optimized (Meyns et al., 2013) and energy consumption is minimized (Umberger et al., 2008) 
during motor skill performance. Stability represents the system’s ability to offset a perturbation 
(Li et al., 2005). For example, when a person trips (e.g. perturbation) during walking, a stable 
system (e.g. typically developing child) will not be significantly impacted and will quickly return 
to its previously stable walking pattern. An unstable system (e.g. child with neuromuscular 
deficiencies), however, will be impacted greatly and will experience difficulty settling into a 
stable walking pattern after the perturbation.  
Different coordinative relationships that emerge from individuals provide insights into 
neuromuscular deficiencies (Kurz & Stergiou, 2004), such as those of children with cerebral 
palsy (CP) (Meyns et al., 2012). CP describes a group of neurodevelopmental disorders 
attributed to non-progressive disturbances to the developing brain (Bax et al., 2005) and is the 
most common childhood physical disability. Unilateral spastic cerebral palsy (USCP) is the most 
common subtype (Odding et al., 2006) and is characterized by impaired movement coordination 
and muscle tone regulation, which affects motor function of one side of the body (Bax et al., 
2005). Children with USCP experience problems with bimanual coordination due to weakness, 
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motor control abnormalities, and spasticity in the muscles of the more affected (MA) arm 
(Uvebrant, 1988). The inability to effectively coordinate their limbs impacts functional 
independence and quality of life (Gordon & Steenbergen, 2008).  
Little is known about continuous inter-limb coordination in hemiparetic populations. Two 
studies reported that adults post-stroke did not coordinate their limbs as well as healthy adults in 
any form of inter-limb coordination, including homologous and non-homologous limbs or during 
movement in the same or opposite direction. While both populations demonstrated better 
coordination during homologous limb movement, adults post-stroke consistently indicated lower 
stability of the pattern compared to healthy adults. Stability was further decreased when the 
impaired arm was involved in the movement compared to the unimpaired arm (e.g. impaired arm 
and non-impaired leg vs. non-impaired arm and impaired leg). However, the unimpaired arm was 
also associated with coordinative difficulties (Garry et al., 2005; Debaere et al., 2001). Only one 
study has investigated continuous, as opposed to discrete, inter-limb coordination in children 
with CP. This study reported that children with USCP demonstrated poor inter-limb coordination 
compared to typically developing children (TDC) during walking (Meyns et al., 2012) and that 
decreased stability of the patterns originated from the MA arm, which agreed with previous 
literature (Garry et al., 2005; Debaere et al., 2001).  
 ii. Branching Behavioral Observations to Neurophysiology of Coordination  
The preferred mode of continuous inter-limb coordination in healthy adults is movement 
of the limbs in the same direction at the same time, with the exception of walking, as this type of 
mutually directed movement is most intrinsically stable (Magill & Anderson, 2014). Therefore, 
mutual direction of movement is easier to continuously perform compared to moving the limbs 
in opposing directions (Baldiserra et al., 1982). In addition, intrinsic coordinative ability is 
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greater between homologous limbs (e.g. both arms or both legs) compared to non-homologous 
limbs (e.g. one arm and one leg) (Serrien & Swinnen, 1998).  
Behavioral patterns of sequential bimanual movements are associated with at least five 
cortical areas including the premotor cortex, cingulate motor cortex, supplementary motor area 
(SMA), posterior parietal cortex, and the primary motor cortex (PMC) (Kermadi, Liu, & 
Rouiller, 2000). Specifically, the motor cortex contains equal proportions of bimanually related 
neurons as the SMA, which suggests a more direct role of the PMC in the process of inter-limb 
coordination (Kermadi et al., 2000). The corpus callosum has also been identified as a crucial 
part of continuous coordination (Kennerley et al., 2002). However, growing evidence suggests 
that the complex function of inter-limb coordination is appointed to a general sensorimotor 
network, instead of a single locus (Swinnen & Wenderoth, 2004). Neuroimaging studies focused 
on the subcortical motor areas in coordination have also identified both the cerebellum (Debaere 
et al., 2003) and basal ganglia (Cardoso de Oliveira, 2002) as important parts of the neural 
network. Due to this distributed nature of cerebral control of inter-limb coordination, those who 
suffer from brain lesions, such as those with CP, display deficits in inter-limb, especially 
bimanual, coordination (Swinnen, 2002). The areas of the brain that are highly activated and 
crucial in motor control of bimanual coordination are often those that are damaged in children 
with CP, including the medial wall of the cerebral hemisphere, the PMC, and the SMA 
(Immisch, Waldvogel, Van Gelderen, & Hallet, 2001).  
Organization of reciprocal limb motion may also be attributed to the neural networks 
within the spinal cord. Central pattern generators (CPGs) are thought to create patterns and 
rhythm of motor bursts with motor neurons to enable limb movement (Grillner, 1979). Specific 
movement patterns result from excitatory input received from the brain, however reciprocal limb 
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motion can also be achieved without cortical contributions, as evidenced in animal models 
(Forssberg et al., 1980). Since a functional spinal cord can independently permit organized 
locomotion, the behavioral limb phasing tendencies observed in humans may be related to the 
characteristics of CPGs. Thus, neural control mechanisms of inter-limb coordination are likely 
dependent upon subcortical mechanisms, such as CPGs (Meyns et al., 2014). This suggests that 
CPGs control each limb individually and are interconnected to provide a coherent interplay 
between the muscles of all four limbs (Lamb & Yang, 2000).  
Thus, inter-limb locomotor coordination in CP may depend mostly on the coupling 
between CPGs, coordinated by brainstem mechanisms, rather than primarily on cortical 
structures (Meyns et al., 2014). Since a supraspinal lesion that occurs prior to maturation of 
movement patterns can impede mature afferent and efferent control at the spinal level (Berger, 
1998), maturation of the spinal locomotor output of children with CP is impaired (Cappellini et 
al., 2016). Therefore, the locomotor patterns of these children are left to depend on a disrupted 
form of supraspinal signals controlling afferent and efferent information at the spinal level 
(Berger et al., 1998), which may cause poor inter-limb coordination compared to TDC. 
iii. Motor Learning Based Therapies to Improve Coordination 
Though there are many upper extremity (UE) treatments, two main approaches using 
motor learning concepts have shown success in hemiparetic populations. These approaches 
involve either constraint of the MA arm or bimanual training. While constraint therapy was 
originally created for stroke patients (Taub et al., 1993), Gordon and colleagues (Charles, 
Lavinder, & Gordon, 2001; Gordon, Charles, & Wolf, 2005; Charles & Gordon, 2006) adapted 
the therapy to be effective for children with USCP. Constraint Induced Movement Therapy 
(CIMT) constrains the less affected (LA) arm, requiring the MA arm to participate in intensive, 
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repetitive training in order to shape a more mature pattern (Gordon, Charles, & Wolf, 2005). 
While constraints such as hard casts, splints, and gloves were used in the stroke population and 
some pediatric CIMT interventions (Wolf, Winstein, & Miller, 2006; Schaechter et al., 2002; 
Sakzewski et al. 2011), pediatric CIMT implemented by Gordon and colleagues (Charles, 
Lavinder, & Gordon, 2001; Gordon, Charles, & Wolf, 2005; Charles & Gordon, 2006) uses a 
soft sling strapped to the child’s trunk that can easily be removed. CIMT is child-friendly, as all 
of the activities are game- or function-based, the treatment occurs in a camp setting, and children 
can work individually or with other children. 
           The second main approach is bimanual training. Charles and Gordon formalized the 
methodology and added structure and intensity analogous to CIMT to this training in 2006. Hand 
Arm Bimanual Intensive Therapy (HABIT) requires children to use both hands simultaneously, 
with the function of the MA hand progressively changing from a stabilizer (e.g. stabilizing the 
paper on which the child is drawing), to an active assist (e.g. holding the paper in the air while 
the other hand cuts it), to a manipulator (e.g. turning the paper as the other hand uses the scissors 
to cut). HABIT was also designed to be child-friendly, as the activities are game- or function-
based, and children can work together if they wish. 
 Function of the MA arm of children with USCP improves after both HABIT and CIMT. 
However, HABIT participants demonstrate better bimanual function, better goal attainment, and 
transfer to other goals (Gordon et al., 2011) compared to CIMT. Children also improve UE 
bimanual coordination measured with spatiotemporal parameters during a drawer opening and 
object manipulation task after CIMT and HABIT, though HABIT participants show greater 
improvements compared to children who participate in CIMT (Hung et al., 2011). In addition to 
bimanual coordination, coordination between the UE and LE may also improve after UE 
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intervention. Reports of changes in LE gait patterns when arm swing is manipulated in children 
with USCP (Delabtista, Desloovere, & Meyns, 2016) highlights the notion that if the 
biomechanics of the UE are changed after intervention, the biomechanics of the LE and how they 
interact with the UE would consequently change to adhere to the new internal constraints. This 
suggestion is further supported by reports of improvements in LE gait patterns after CIMT in this 
population (Coker et al., 2010; Zipp & Winning, 2012). Furthermore, previous literature shows 
that UE movement can drive appropriately coordinated, reciprocal movement of the LE with 
spinal CPGs (Ferris, Huang, & Kuo, 2006).  
 Our previous study evaluated gait inter-limb coordination using spatiotemporal measures 
in children with USCP after an intensive intervention of either CIMT or HABIT (Sidiropoulos, 
Chen, Kaminksi, & Gordon, Submitted). Groups were collapsed for analysis since there were no 
differences in change scores from pre- to post-test between HABIT and CIMT. During walking, 
temporal synchronicity between contralateral limbs (e.g. an arm and a leg), a variable that 
delineated the time difference between heel strike and peak forward swing of the contralateral 
arm, increased for both sides of the body. While this change was unexpected, an improvement in 
gait pattern was also observed as children with a 2:1 arm swing to stride ratio (e.g. number of 
arm swings per stride) moved to a 1:1 ratio after intervention participation, which is observed in 
TDC and associated with greater gait pattern stability (Meyns et al., 2012). However, the LE did 
not indicate any significant changes after intervention, which may have been due to the high 
functionality of the children in the sample.  
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Although the Sidiropoulos et al., (Submitted) study revealed some changes in 
contralateral inter-limb coordination, there were two limitations. First, spatiotemporal analysis 
provided information regarding the timing relationship between two limbs, not how they moved 
through space in relation to one another. Thus, only a snapshot of the gait cycle was analyzed 
and vital information was most likely missed. Second, walking is a well-practiced task, and 
though it was not the focus of CIMT or HABIT, children continued walking outside of treatment 
hours during the intervention. Thus, the changes cannot exclusively be attributed to the 
treatments. 
 iv. Advantages of Relative Phase Analysis of Coordination during a Novel Task 
Though children with USCP experience difficulty with continuous inter-limb 
coordination, no study has investigated whether this type of coordination can be improved after 
an intervention. Little is known about movement coordination between the UE and even less is 
known about movement coordination between the UE and LE of this population or the ability to 
improve it. To date, only spatial and temporal variables have evaluated discrete coordination 
following CIMT and HABIT, as mentioned above. However, due to this reliance on conventional 
time-series presentations, continuous coordination differences or direct relationships between 
velocity and position changes in this population after an intervention are unknown (Davids et al, 
2003; Scholz, 1990).  
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Continuous measures of relative phase (RP) analysis can overcome the shortfalls of 
spatiotemporal analysis because they allow quantification of the phase relationship across all 
points of the movement cycle (Kelso et al., 1995). RP analysis is a measure of the interaction 
(e.g. the phasing relationships) of two segments throughout a movement (Haken et al., 1985; 
Scholz & Kelso, 1989; Diedrich & Warren, 1995) that utilizes the displacements and velocities 
of the two segments to quantify coordination and stability of the pattern between the limbs 
(Winstein & Garfinkel, 1989). This analysis describes whether the relationship between the 
segments is more in-phase (e.g. two segments move in the same direction at the same time) or 
anti-phase (e.g. two segments move in the opposite direction at the same time) (Baldissera et al., 
1982). Two main outcome measures associated with RP analysis are the Mean Absolute Relative 
Phase (MARP), which quantifies coordination to determine whether the relationship between 
two segments (e.g. an arm and a leg) is in-phase or anti-phase, and the Deviation Phase (DP), 
which quantifies the stability of the system (Kurz & Stergiou, 2004). It is important to note that 
measuring the stability of the system utilizing a variable such as DP is different than measuring 
the variability of the system by calculating the standard deviation of a specific variable. 
Variability of the motor system emerges from the many degrees of freedom (df) inherent in the 
system (Bernstein, 1967) and allows a person to adapt to constantly changing environmental task 
constraints, while stability represents the system’s ability to offset a perturbation (e.g. a trip 
during walking) and remain in its coordinative pattern (Li et al., 2005). Stability of the system, 
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therefore, is more informative than variability when measuring continuous movement 
coordination.  
 It is important to implement a performance task that is not intrinsic, such as walking, to 
determine if children with USCP are able to voluntarily coordinate their limbs more effectively 
by producing more stable in-phase or anti-phase movement patterns closer to those of TDC after 
intensive UE intervention. Walking is intrinsic since gait patterns do not require additional 
learning because they were previously learned and can, therefore, be produced with limited 
intent or conscious effort (Zanone & Kelso, 1992). The chosen task should reflect a gross motor 
activity that is novel and one that children do not have massed practice (e.g. walking), because 
motor deficits may become more visible during a more complex task compared to a simple task 
(Swinnen et al., 1997). The task must also be continuous to understand how two limbs oscillate 
relative to one another and the stability of the relationship. Therefore, this study used tasks that 
required children to swing their arms symmetrically and asymmetrically while standing and 
marching in place. These tasks are appropriate as they are novel and do not succumb to the 
massed practice observed with walking. Additionally, these tasks are challenging enough that 
children need to engage in conscious effort, yet simple enough that children with coordinative 
disabilities (e.g. children with CP) can perform them.  
 To control for changes that may have occurred over time and for any learning effect in 
inter-limb coordination during performance of a novel task of arm swing during standing or in-
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place marching, a group of children with USCP who did not receive intensive intervention was 
also included. Also, intervention groups of HABIT and CIMT were collapsed for analysis based 
on results of previous literature evaluating inter-limb coordination during a gross motor task 
(Sidiropoulos et al., Submitted). Therefore, the specific aims of this study were: 
1. To determine if children with USCP demonstrate a lower level of continuous, inter-limb 
coordination (MARP) and stability (DP) compared to TDC during a standing with 
asymmetric arm swing task. It is hypothesized that children with USCP will demonstrate a 
lower level of coordination and stability than TDC due to their neurologic and biomechanical 
constraints resulting from the disorder.  
2. To determine if continuous, inter-limb coordination (MARP) and stability (DP) 
between the arms decrease during in-place marching with symmetric and asymmetric 
arm swing tasks compared to standing with arm swing tasks in children with USCP and 
TDC. It is hypothesized that coordination and stability between the arms will decrease in all 
children when LE movements are added to both asymmetric and symmetric arm swing tasks 
compared to when children are standing.  
3. To determine if an intensive UE intervention will improve continuous, inter-limb 
coordination (MARP) and stability (DP) between the arms during symmetric and 
asymmetric arm swing tasks during standing and in-place marching for children with 
USCP. It is hypothesized that there will be an improvement in coordination and stability 
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between the arms during all tasks, but the increase will be greater for the tasks that are most 
complex (asymmetric) compared to the simpler tasks (symmetric) for children in the 
treatment group compared to a no-treatment control group. Specifically, children will 
become more anti-phase (higher MARP) when performing an asymmetric arm swing task 
during standing and in-place marching and more in-phase (lower MARP) when performing a 
symmetric arm swing task during standing and in-place marching at post-test compared to 
pre-test. Greater improvements in coordination and stability will be observed during the 
asymmetric tasks compared to the simpler symmetric tasks because children may already 
approximate normal coordination patterns during symmetric tasks. It is expected that there 
will be carry over from the interventions.   
4. To determine if an intensive UE intervention will improve continuous, inter-limb 
coordination (MARP) and stability (DP) between the UE and LE during an in-place 
marching with asymmetric arm swing task for children with USCP. It is hypothesized 
that there will be an improvement in coordination and stability between the MA arm and the 
MA leg, and an improvement in coordination between the MA arm and the LA leg during an 
in-place marching with asymmetric arm swing task after intervention.  
II. METHODS 
 i. Participants 
 Recruitment. Children that participated in HABIT and CIMT (e.g. Treatment group) 
were of a convenience sample recruited for the Teachers College (TC) Center for Cerebral Palsy 
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Research as part of an ongoing trial. Children were recruited from the TC Website 
(http://www.tc.edu/centers/cit/), the Center for Cerebral Palsy Research’s database, online 
support groups, and NYC area clinics. Potential participants were screened by telephone or via 
email and, if accepted, invited to receive an on-site physical examination or submit an 
examination videotaped by their physical/occupational therapist.  
 Inclusion and Exclusion Criteria. Inclusion criteria were based on previous HABIT and 
CIMT trials (Gordon et al., 2005; Charles & Gordon, 2006) and consisted of the child having the 
ability to extend the wrist >20° and fingers at the metacarpophalangeal joints >10° from full 
flexion, ability to lift the MA arm 15 cm above a table surface and grasp light objects, >50% 
difference in the Jebsen-Taylor Test of Hand Function (JTTHF) score between the hands and a 
time below the maximum possible of the MA hand, mainstreamed in school, ability to follow 
instructions during screening, and complete required testing. Exclusion criteria included health 
problems unassociated with their CP diagnosis, current or untreated seizures, visual problems 
that would interfere with treatment/testing, severe muscle tone, orthopedic surgery on the paretic 
hand/leg within the past year, botulinum toxin therapy in either UE or LE within the past six 
months, and balance problems preventing sling wear. It is important to note that not all children 
who participated in the interventions of the larger, ongoing trial at TC were included in this 
study. Four children were excluded from data collection of this study for reasons including the 
inability of the child to follow data collection instructions due to behavioral issues, the child 
dropping out of the study within the first few days of intervention, and the child having current 
additional impairments of the LE (e.g. casting for reasons unrelated to the intervention). 
No-Treatment Group. Children in the No-treatment group, used to control for change in 
inter-limb coordination over time and a learning effect, met the same inclusion criteria as the 
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children in the Treatment group and were recruited from the database of the Center for Cerebral 
Palsy Research. Majority of the children had previously participated in either CIMT or HABIT at 
TC and others were recruited for this study while they were simultaneously being screened for 
future interventions. However, none had participated in any TC hosted interventions within the 
past year. This group was collected after the Treatment group participated and was age-matched 
to the group. Initial communication with potentially interested caregivers and parents occurred 
via email with an attached flier.  
 Typically Developing Group. TDC in this group were age-matched to the Treatment 
group and recruited from the NYC area by word of mouth. A TDC was operationally defined as 
a child who had not been diagnosed with any orthopedic, musculoskeletal, or neurologic 
conditions, had no history of orthopedic injuries in either the UE or LE, and had no orthopedic 
surgeries within the past year. Some TDC participants were siblings of children in the No-
Treatment group. Fliers were distributed to interested caregivers via email.  
 ii. Informed Consent 
Informed consent was obtained from caregivers and assent was obtained from children. 
All children in the Treatment group took part in the same summer camp of 2016. This protocol 
was approved by the Institutional Review Board of TC, Columbia University (IRB #17-028). 
 iii. Screening Procedures 
 All children in the Treatment and No-Treatment groups received screening evaluations 
for current hand function and were classified by their daily hand function ability and gross motor 
abilities. Screening evaluations took place either at TC or by the child’s physical or occupational 
therapist. TDC did not receive hand function evaluations. 
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Jebsen-Taylor Test of Hand Function. This test assessed a broad range of unimanual 
hand functions required for activities of daily living (Jebsen et al., 1969). Six subtests were 
performed with each hand. Subtests included card turning, picking up small common objects 
(e.g. pennies, paper clips, bottle caps) and placing them into a container, stacking checkers, 
simulated feeding, moving light objects (e.g. empty cans), and moving heavy objects (e.g. 1lb. 
weighted cans). Subtest scores reflected the time in seconds it took the child to complete each 
task and total scores were the sum of all subtests. The maximum time allotted per subtest was 
120 seconds with a lower score reflecting greater function. This test took up to 20 minutes to 
complete and has been shown to be reliable (Jones et al., 1991). 
Box and Blocks. The Box and Blocks (BB) test assessed gross manual dexterity 
(Mathiowetz et al., 1985). The child was seated in a chair in front of a table with a box divided 
into two parts by a wooden divider. One part of the box was full of small blocks and the other 
was empty. The child had to transfer as many blocks as possible from the full side to the empty 
side of the box over the divider with only the hand that was being tested. This test took up to 5 
minutes to complete for both UE. Norm scores for children between three and 10 years old have 
recently been reported (Jongbloed-Pereboom, Nijhuis-van der Sanden, & Steenbergen, 2013) and 
this test has high reliability (0.85 and 0.99 intraclass correlation coefficients for test-retest and 
interrater reliability measure, respectively). 
Manual Ability Classification System. The Manual Ability Classification System 
(MACS) for children with CP aged four to 18 years described how children used their hands to 
handle objects in daily activities (http://www.macs.nu/). MACS has five levels that are based on 
the children’s self-initiated ability to handle objects and their need for assistance or adaptation to 
perform manual activities in everyday life. Level I represents a child that is able to easily and 
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successfully handle objects, while a child at Level V does not handle objects and requires total 
assistance. The MACS has been validated and shown to be reliable (Eliasson et al., 2006). 
Gross Motor Function Classification System. The Gross Motor Function Classification 
System (GMFCS) categorized children with CP into five different levels (Palisano et al., 2007) 
by examining movements such as sitting, walking, and the use of mobility devices, and provided 
a clear description of a child’s current motor function. Distinctions between levels are based on 
functional abilities, the need for assistive technology, and movement quality. Because all 
children in this study were able to walk indoors and outdoors without an assistive device, they 
were classified into level I or level II. The distinguishing factors between levels I and II were a 
child’s ability to climb stairs without the use of a hand rail, to walk on uneven surfaces and 
inclines, in crowds or in confined spaces, and to perform gross motor skills such as running and 
jumping. The investigator observed each child in their environment and confirmed the 
assessment with the child’s caregiver. GMFCS has been shown to be valid and have high 
interrater reliability (0.84) (Bodkin, Robinson, & Perales, 2003). 
 iv. Intervention 
 Groups of children were randomly assigned to two therapy groups, either CIMT or 
HABIT, using concealed allocation stratified by age and JTTHF screening score. Both therapies 
occurred during the same time at TC, but in separate rooms, and were based on an intensive 
motor learning camp model of three weeks, six hours per day, for a total of 90 hours. Children 
worked with a designated interventionist for a constant ratio of 1:1 of child to interventionist. All 
children also participated in gross motor activities including floor hockey, basketball dribbling, 
ball throwing, and balloon toss performed with either the designated interventionist or with other 
children. Supervisors, consisting of physical and occupational therapists, instructed 
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interventionists as to the focus of therapy based on the individual child’s interests, movement 
deficits, and improvement potential. Caregivers were instructed to engage children in UE 
activities at home for one hour daily throughout camp.  
CIMT. CIMT was adapted to focus on children (Gordon et al., 2005). The LA hand was 
placed into a soft sling, permitting performance of unimanual activities of the MA hand only. 
The sling was strapped to the child’s trunk with one end sewn shut and worn continuously during 
the camp, with the exception of restroom use or breaks lasting no longer than 15 minutes per 
day. Children participated in both fine- and gross-motor activities chosen to elicit general 
movements of interest, including age-appropriate, unimanual functional and game activities.  
 HABIT. HABIT did not use physical restraint (Charles & Gordon, 2006). Children in the 
HABIT group participated in age-appropriate fine- and gross-motor bimanual activities using a 
motor learning approach (Gordon et al., 2011). The role of the MA hand was used to choose 
activities for each child. Complexity was increased from a non-dominant passive assist to an 
active manipulator with camp progression.  
 v. Data Collection 
Treatment Group. Gross motor movement was classified (GMFCS) and hand function 
was evaluated (JTTHF, BB test, MACS) by a physical or occupational therapist blinded to 
treatment allocation at the first session. Movement analysis pre-test occurred either a few days 
before the start of camp or within the first two days of camp and post-test occurred a few days 
after camp or within the last two days of camp. Each movement analysis session lasted 
approximately 30 minutes. See Movement Analysis Procedures below. 
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No-Treatment Group. This group did not receive any intervention and served to control 
for testing and practice from testing. Gross motor movement was classified (GMFCS) and hand 
function was evaluated (JTTHF, BB test, MACS) at the first session. Movement analysis was 
performed twice, three weeks apart (see Movement Analysis Procedures). Children continued to 
receive any ongoing physical/occupational therapy during the three weeks between sessions. 
Typically Developing Group. TDC participated in a single session of movement 
analysis, lasting approximately 30 minutes (see Movement Analysis Procedures). This group 
served to provide values to compare to the children with USCP. 
 vi. Movement Analysis Procedures 
A total of 22 markers were used for collection of a static trial that allowed for creation of 
a 3D model of each child. The static trial required children to stand with arms extended in the 
frontal plane with palms facing forward for three seconds. Markers were placed on 1) C7, 2) L5, 
3) middle of the left clavicle, 4) middle of the right clavicle, 5) greater tubercle of the left 
humerus, 6) greater tubercle of the right humerus, 7) lateral epicondyle of the left humerus, 8) 
lateral epicondyle of the right humerus, 9) left ulnar head, 10) right ulnar head, 11) left Anterior 
Superior Iliac Spine (ASIS), 12) right ASIS, 13) left Posterior Superior Iliac Spine (PSIS), 14) 
right PSIS, 15) left greater trochanter, 16) right greater trochanter, 17) left lateral tibial condyle, 
18) right lateral tibial condyle, 19) left fibular head, 20) right fibular head, 21) left lateral 
malleolus, and 22) right lateral malleolus. The left and right greater trochanter and fibular head 
reflective markers were removed for dynamic data collection, resulting in the use of 18 markers 
during movement trials. This marker set was chosen based on previous literature (Leardini et al., 
2009; Romkes et al., 2007). The same investigator placed the markers on all children.  
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 Participants were asked to perform four tasks. The first and second tasks required 
children to stand with their feet shoulder width apart and swing their arms asymmetrically (i.e. as 
the left arm would swing forward, the right arm would swing backward) and symmetrically (i.e. 
both arms would swing forward and backward together), respectively. The third and fourth tasks 
required children to march in-place and swing their arms asymmetrically and symmetrically, 
respectively. Each child performed one practice trial and one performance trial of each task. 
Prior to the practice trial, the instructor demonstrated the task for three seconds and confirmed 
that the child understood the task. The practice trial lasted for 30 seconds, during which time a 
metronome was set to the child’s individual pace. There was no sound from the metronome at 
that time. The performance trial occurred after practice and lasted for 35 seconds with the 
metronome activated. Motion capture data was collected during the performance trial only. The 
same investigator performed the tasks with the child during both the practice and performance 
trials, mirroring the pace of the child.  
 The investigator performed the tasks with the child for reasons including attentional 
issues and motivational purposes. Though children confirmed understanding the task, they were 
unwilling to continuously perform without the investigator because they did not enjoy marching 
alone. Additionally, Gentile’s view of skill demonstration states that it is beneficial to 
demonstrate a skill before a person begins practicing and that the instructor should continue 
demonstrating as frequently as necessary (Magill & Anderson, 2014).   
 vii. Equipment/Motion Analysis 
 Trials were recorded using an 8-camera 3D motion capture system (Vicon, Workstation 
612, Lake Forest, CA). An L-Frame with four markers placed in the center of the data collection 
space was used for static calibration and a T-shaped wand with four reflective markers was used 
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for dynamic calibration. Raw 3D data were initially processed using Workstation 612, then 
transferred to Nexus 1.8.5 (Oxford Metrics, UK) for further processing. The height and weight of 
each participant was measured using a portable scale (Conair Thinner Portable Digital Bathroom 
Scale, Conair Corporation, Glendale, AZ) and tape measure (Center Read LeverLock Tape 
Measure, Stanley Tools, Concord, NC). Two standard video cameras also recorded each session 
(Vixia HF R500, Canon, Lake Success, New York). One camera captured the frontal view and 
one captured the sagittal view of movement. The sagittal view camera was placed on the MA 
side of the children with USCP and on the non-dominant (ND) side of the TDC. 
viii. Data Reduction 
 Recordings from the standard video cameras were used to behaviorally code all 
performance trials for each child. Datavyu 1.3.4 (http://www.datavyu.org/) was used to code the 
number of cycles, the number of times a child stopped performing, and the amount of time a 
child spent moving in his/her predominant pattern. A predominant pattern was defined as the 
pattern in which the child comfortably coordinated and spent the majority of the time 
performing, however all patterns were analyzed. An example of the difference between a child’s 
predominant and non-predominant pattern is if a child performing the in-place marching with 
asymmetric arm swing task aligns the right arm with the left leg for an extended period of time 
(predominant pattern), then briefly changes to align the right arm with the right leg (non-
predominant pattern). A cycle was defined as the reference arm hitting its peak forward swing 
position, swinging backwards, and hitting its peak forward position again. Reference limbs were 
defined as the LA arm of the children with USCP and as the dominant (D) arm of the TDC. 
Invalid cycles were those in which the child stopped performing or failed to perform correctly 
due to lack of focus (e.g. behavior). Invalid cycles were not included in the quantitative analysis. 
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 To determine whether the children marched at the same frequency as the metronome, 
Fast Fourier Transform (FFT) was performed. FFT converts a signal from its original domain 
(e.g. space) to a representation in the frequency (Hz) domain. Subtraction of the signal produced 
by FFT from the metronome pace (e.g. beats per minute converted to Hz) provided the difference 
between the children’s arm swing frequency and the frequency of the metronome that was set to 
their self-selected pace during the practice trial for each condition.  
Data were exported from Nexus 1.8.5 after applying a zero lag, fourth-order Butterworth 
filter. MatLab 2016b was used to calculate the outcome variables. RP analysis was used to 
calculate the Continuous Relative Phase (CRP), standard deviation (SD) of CRP, MARP, and DP 
for all pairs of limbs of interest. Because RP analysis encompasses angular displacement and 
velocity within one variable, it provides a better measure of the organization of the 
neuromuscular system than other spatiotemporal measures (Kelso, 1995; Barela et al., 2000). 
Additionally, continuous measures of RP are preferred because they allow quantification of the 
phase relationship across all points of the cycle (Kelso, 1995). Cycles used for analysis were 
corroborated with those indicated during behavioral coding in Datavyu. The MatLab code user 
chose the reference arm, the number of cycles, and manually chose which cycles were to be used 
in the analysis. Therefore, all limb movement within a cycle was included in the analysis.  
 Data were prepared for analysis using normalization techniques to keep the calculated 
segmental angles and corresponding velocity within a -1 and +1 range (Hamill et al., 1999; Lamb 
et al., 2014; Haddad et al., 2010; van Emmerik & Wagenaar, 1996). The following equation was 








Phase angles, which quantify the location of the trajectory in the phase portrait as time 
progresses, illustrated the behavior of the segments and were used to calculate RP (Kurz & 
Stergiou, 2004). RP provided a measure of the coordination of two segments during the 
movement (Diedrich & Warren, 1995) and was calculated by subtracting the phase angles of the 
segments at each given time point throughout the movement. When RP is calculated throughout 
the entire movement, it is known as the continuous relative phase (CRP). The CRP was 
calculated using this equation: 





where ẋ1(t) and ẋ2(t) denote the angular velocity of each segment and x1 and x2 represent the 
angular displacement (Lamb & Stockl, 2014).  
  CRP represents the dynamic interactions of two segments (e.g. forearm and thigh) for 
every point during the movement (Hamill et al., 1999) and refers to the phasing relationships 
between the segments (Kurz & Stergiou, 2004). A CRP value closer to 0° indicates that the 
segments are closer to being in-phase, while a CRP value closer to 180° indicates that the 
segments are closer to being anti-phase. The test-retest reliability of the assessment of CRP was 
demonstrated in a repeated measures study design (Wagenaar & van Emmerik, 2000). 
Participants were assessed 24 times within four months and showed no main effect of assessment 
for both CRP and the SD of CRP at different walking velocities. The SD of CRP was 8.8°.  
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MARP was used to quantify whether the interacting segments displayed an in-phase or 
anti-phase pattern (Stergiou et al., 2001; Byrne et al., 2002) and was calculated using the 
following equation: 
MARP=Σ(|φrelative phase|/ N) 
(3) 
where Φrelative is the relative phasing relationship between the two segments and N is the 
number of points in the RP mean ensemble curve. The mean ensemble curve was created by 
adding the length of data points for all cycles included in analysis. A low MARP value (closer to 
0°) indicated that the oscillating segments had a more in-phase relationship, while a high MARP 
value (closer to 180°) indicated that the oscillating segments had a more anti-phase relationship. 
MARP calculation is necessary so that differences in RP curves can be quantified and 
statistically tested (Kurz & Stergiou, 2004). 
 Lastly, DP was used to quantify the stability of the system throughout the movement 
(Kurz & Stergiou, 2004). DP was calculated using the following equation: 
DP = (Σ|SDi|)/N 
(4) 
where N is the number of points in the RP mean ensemble curve and SD is the SD of the mean 
ensemble curve at the ith point. A low DP value (closer to 0°) indicated a more stable 
organization of the system and a high DP value (closer to 180°) indicated less stability in the 
organization of the neuromuscular system (Kurz & Stergiou, 2004).  
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 The primary outcome measures for this study were the coordination (defined by MARP) 
and stability (defined by DP) between the arms during all tasks (e.g. standing with symmetric 
and asymmetric arm swing, in-place marching with symmetric and asymmetric arm swing) and 
between the MA arm and leg, and the MA arm and LA leg during in-place marching with 
asymmetric arm swing. Differences in MARP and DP between the TDC and children with USCP 
during the standing with asymmetric arm swing task were evaluated at pre-test to determine the 
coordinative deficits of children with USCP.  
 ix. Data Analysis 
Sample size calculations were based on estimates obtained from pilot data (three children 
with USCP who received treatment, three children with USCP who did not receive treatment, 
and three TDC). See Appendix A for details. Tests for normality, including the Kolmogorov-
Smirnoff test, and homogeneity, using Levene’s test, were used to determine if the assumptions 
of an analysis of variance were met.  
For Aim 1, to determine if children with USCP demonstrate a lower level of continuous, 
inter-limb coordination (MARP) and stability (DP) compared to TDC during a standing with 
asymmetric arm swing task, independent t-tests were used to determine differences between 
children with USCP and TDC in MARP and DP. For Aim 2, to determine if continuous, inter-
limb coordination (MARP) and stability (DP) between the arms decreased during in-place 
marching with symmetric and asymmetric arm swing tasks compared to standing in all children, 
independent t-tests were used to determine differences between standing and in-place marching 
in MARP and DP.  
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For Aim 3, to determine if an intensive UE intervention improved continuous, inter-limb 
coordination (MARP) and stability (DP) between the arms during symmetric and asymmetric 
arm swing tasks during standing and in-place marching for children with USCP, a 2 (Group) x 2 
(Session) repeated measures on test session mixed-model analyses of variance was used to 
determine pre- to post-test within group differences and differences between the Treatment and 
No-Treatment groups for MARP and DP. For Aim 4, to determine if an intensive UE 
intervention improved continuous, inter-limb coordination (MARP) and stability (DP) between 
the UE and LE during an in-place marching with asymmetric arm swing task for children with 
USCP, a 2 (Group) x 2 (Session) repeated measures on test session mixed-model analysis of 
variance was used to determine differences within groups from pre- to post-test and differences 
between the Treatment and No-Treatment groups for both MARP and DP. If an interaction was 
present in Aims 3 or 4, the results of the pairwise comparisons determined differences between 
groups and if either of the groups changed from pre- to post-test.  
In addition to RP analysis, spatiotemporal variables including amplitude of both arms, 
symmetry of arm swing, mean cycle duration, and the coefficient of variation (CV) of arm swing 
(e.g. to evaluate variability of each arm) were measured during all tasks for all groups and 
evaluated using the same statistical analysis respective of each aim. The HABIT and CIMT 
groups were collapsed for analysis, since a previous study did not find differences in the effect of 
CIMT and HABIT on arm swing (Sidiropoulos, et al., Submitted). However, while this study 
was not powered as a comparative design, whether there was a tendency for the treatment groups 
(HABIT and CIMT) to respond differently was explored using independent t-tests to determine 
differences in the change scores and percent change scores of each treatment group. An alpha 




i. Participant Characteristics 
 Participant characteristics of the Treatment and No-Treatment groups are detailed in 
Table 1. Characteristics of children in the Typically Developing group are outlined in Table 2. 
There were no differences between the groups in anthropometric traits such as age, height, or 
weight. There were also no differences in hand function severity between the Treatment and No-





Participant Characteristics of the Children with USCP 




1 8(8) M 1.32 35.91 I II 13 587 L CIMT 
2 6(8) F 1.09 18.86 II I 10 288 L HABIT 
3 17(3) M 1.63 65.91 II II 11 443 L HABIT 
4 11(6) M 1.47 43.18 I II 20 136 L CIMT 
5 10(9) M 1.63 61.14 I I 35 88 R CIMT 
6 8(10) M 1.24 22.27 I I 30 239 R HABIT 
7 7(2) F 1.26 23.86 I II 21 142 R HABIT 
8 6(1) M 1.22 23.41 I II 4 1080 R CIMT 
9 6(5) F 1.17 22.50 I I 19 124 R CIMT 
10 7(2) M 1.32 25.00 I II 8 768 L HABIT 
11 12(2) M 1.60 43.86 I II 21 88 L CIMT 
12 9(8) M 1.32 26.14 I II 5 845 R None 
13 6(9) M 1.22 26.36 I II 16 279 R None 
14 9(11) M 1.33 26.82 I I 35 88 L None 
15 11(8) F 1.65 58.86 I III 33 107 L None 
16 6(3) F 1.08 16.59 I II 12 365 R None 
17 17(1) F 1.60 67.05 II II 27 127 R None 
18 15(6) M 1.65 51.36 I II 24 315 L None 
19 7(8) M 1.32 29.09 I II 19 252 R None 
20 14(2) F 1.55 40.23 I II 14 260 L None 
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21 9(7) F 1.33 27.27 I I 5 845 R None 
22 9(11) F 1.55 40.23 I I 16 279 R None 
Mean 10(1)  1.39(0.19) 36.18(15.83)   18(9) 352(289)   
Note. Age is represented in years(months). Mean (Standard Deviation). F = Female. M = Male. 
Height is represented in meters. Weight is represented in kilograms. GMFCS = Gross Motor 
Function Classification System. MACS = Manual Ability Classification System. BB = Box and 
Blocks, represents the number of blocks moved. JTTHF = Jebsen Taylor Test of Hand Function, 
represents duration in seconds. BB and JTTHF represent the score of the more affected hand. R = 
Right. L = Left. Aff. = Affected. Txt = Treatment. HABIT = Hand Arm Bimanual Intensive 





Participant Characteristics of the Typically Developing Group 
Child Age Gender Height Weight Dominant Side 
1 13(6) F 1.57 45.23 R 
2 15(3) F 1.60 94.55 R 
3 11(0) M 1.45 50.00 R 
4 11(6) M 1.51 60.45 R 
5 14(8) F 1.69 58.86 R 
6 11(2) F 1.51 57.27 R 
7 6(9) F 1.19 22.50 R 
8 6(9) F 1.18 22.50 L 
9 7(7) F 1.24 21.36 R 
10 7(1) F 1.22 21.82 L 
11 7(7) F 1.22 22.95 R 
Mean 10(1)  1.39(0.19) 43.41(23.72)  
Note. Age is represented in years(months). F = Female. M = Male. Height is represented in 




ii. Performance Adherence and Predominant Patterns  
 FFT was used to determine arm swing frequency and subsequently if children swung 
their arms at the same rate as the metronome. Seventy-six percent of children with USCP and 
68% of TDC had one frequency throughout their performance, indicated by one large peak, with 
a mean frequency difference between the metronome and arm movement of 0.16 Hz (0.00-1.52 
Hz) and 0.05 Hz (0.003-0.27 Hz) for all performance trials (e.g. pre- and post-test trials for all 
four tasks), respectively. Some children had more than one peak frequency during their 
movements, with the largest peak similar to that of the metronome frequency and smaller peaks 
further away from that frequency. Trials with more than one frequency had a mean frequency 
difference of all peaks between the metronome and arm movement of 0.45 Hz (0.01-1.83 Hz) for 
children with USCP and 0.78 Hz (0.003-3.68 Hz) for TDC.  
 Performance adherence and whether the patterns visually remained the same throughout 
the performance were evaluated using behavioral coding in two ways. First, the number of 
children who stopped during the performance and amount of time stopped were recorded to 
determine if the children were able to adhere to the tasks. Second, after removing time when the 
children stopped performing, to determine if the pattern of coordination changed throughout the 
trial. Visual differences in patterns between pre- and post-test were evaluated to determine if 
video observation of the patterns matched the quantitative analysis. 
 All children adhered (e.g. moved for the entirety of the performance trial, regardless of 
arm swing frequency) to all four tasks more than 90% of the time at both pre- and post-test 
(Table 3). The number of children who stopped during each performance trial and the amount of 
time stopped are shown in Table 4. The main reason for children stopping during their 
performance was a momentary lapse in focus or distraction. Other reasons included asking the 
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investigator questions, disturbance from a dropped marker, and misbehavior. For subsequent 
analysis, these periods were removed.  
 Of the remaining time, behavioral coding was used to determine if children remained in 
their self-selected predominant patterns throughout the trial. Though all patterns were self-
selected, a predominant pattern was defined as a pattern in which the child coordinated most 
comfortably within and therefore spent the majority of the trial time performing. This pattern 
was identified as being different from a non-predominant pattern that a child may have briefly 
switched to at some point during the performance. For example, during in-place marching with 
symmetric arm swing, a child may have a predominant pattern of swinging the arms forward 
while lifting the right leg, but may briefly switch to a non-predominant pattern of swinging the 
arms forward while lifting the left leg. Children in the Treatment and No-Treatment groups 
increased the percent time spent performing in a predominant pattern from pre-test to post-test in 
all four tasks (Table 5). Quantification of the coordination and stability of the performance trial 
was conducted using MARP, which represented coordination between the limbs, and DP, which 
represented the stability of the coordinative pattern.   
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Table 3  
Percent Task Adherence for Children in the Treatment, No-Treatment, and Typically Developing 
Groups  
 Treatment No-Treatment TD 
 Pre Post Pre Post  
In-Place Marching with Symmetric Arm Swing 98.8 91.3 95.7 98.9 97.8 
In-Place Marching with Asymmetric Arm Swing 90.5 94.1 94.6 90.9 94.9 
Standing with Symmetric Arm Swing 97.6 96.7 100 98.6 99.9 
Standing with Asymmetric Arm Swing 95.1 96.8 97.6 98.9 99.6 
Note: TD = Typically Developing. Values represent the percentage of time spent performing the 

















Treatment     
Pre     
# of Children 1 2 4 3 
Time (s) 9.72 36.61 9.42 13.72 
Post     
# of Children 4 4 5 1 
Time (s) 33.2 22.74 12.77 12.36 
No-Treatment     
Pre     
# of Children 3 2 0 3 
Time (s) 16.58 20.75 0 9.1 
Post     
# of Children 1 6 1 2 
Time (s) 3.88 34.93 5.54 4.32 
Typically Developing    
# of Children 5 5 1 1 




Percent Time Spent in a Predominant Pattern for Children in the Treatment, No-Treatment, and 
Typically Developing Groups  
 Treatment No-Treatment TD 
 Pre Post Pre Post  
In-Place Marching with Symmetric Arm Swing 88.0 92.5 85.0 90.5 86.5 
In-Place Marching with Asymmetric Arm Swing 88.0 91.5 92.2 99.2 86.3 
Standing with Symmetric Arm Swing 98.6 100 100 100 100 
Standing with Asymmetric Arm Swing 94.8 95.8 99.4 99.7 100 
Note: TD = Typically Developing. Values represent the percentage of time spent performing in a 




iii. Meeting the Assumptions of Normality and Homogeneity of Variance 
 Normality of the data was evaluated using the Kolmogorov-Smirnov test, which indicated 
that seven out of the 12 variables were not normally distributed at pre-test (p<0.05) across study 
aims. A log base 10 transformation of non-normally distributed variables corrected all but one 
variable. The assumption of homogeneity of variance was evaluated using Levene’s test. To 
satisfy the first aim, variance of all children with USCP was compared to TDC at pre-test. Five 
out of 12 variables indicated unequal variances, therefore the p-values associated with the t-
statistic of equal variances not assumed were used. Because Aim 2 compared the same group to 
itself (e.g. children with USCP standing vs. in-place marching), homogeneity of variance was 
irrelevant. Comparisons between the Treatment and No-Treatment groups made in the third and 
fourth aims indicated that only one variable (out of 12) did not meet the assumption. Thus, this 
data set was accepted as adequately meeting the assumptions of normality and homogeneity. 
 Given the non-normality of the data, non-parametric analyses, including the Mann-
Whitney U test for Aim 1 and the Wilcoxon Signed-Rank test for Aims 2-4, were also performed 
for all variables. Out of the 30 comparisons, no differences between the parametric and non-
parametric statistical outputs were noted, with the exception of one variable in Aim 3 (MARP 
between the arms during standing with asymmetric arm swing) that indicated a change in the 
Treatment group in the non-parametric test and no change in the parametric test. However, these 
analyses generally confirm that the normality of data was not of major issue, and thus only the 
parametric tests will be reported. See Appendix B for more details.  
iv. Aim 1: To determine if children with USCP demonstrate a lower level of 
continuous, inter-limb coordination (MARP) and stability (DP) compared to 
TDC during a standing with asymmetric arm swing task. 
35 
 
 The arm swing of children with USCP was significantly less symmetrical compared to 
TDC during the standing with asymmetric arm swing task (Table 7). Also, the amplitude of the 
MA arm of the children with USCP was significantly smaller compared to the ND arm of the 
TDC. However, there was no difference in arm swing amplitude between the LA arm of children 
with USCP and the D arm of TDC (Table 7). Mean cycle duration was longer and variability of 
the MA arm swing was higher for children with USCP compared to the cycle duration of the ND 
arm of TDC (Table 7). The LA arm of children with USCP and the ND arm of the TDC showed 
no difference in variability (Table 7). 
 Figure 1A illustrates the trajectories of the MA and LA arms of a representative child 
with USCP prior to treatment during the entirety of the standing with asymmetric arm swing task 
and Figure 1B illustrates the trajectories of the ND and D arms of a representative TDC during 
the same task. The dark gray trajectories represent the MA and ND arms while the light gray 
trajectories represent the LA and D arms of the children. As can be seen in Figure 1B, the peak 
forward arm swing, represented by the top peaks in the graph, aligns well with the peak 
backward arm swing, represented by the bottom peaks in the graph, of the opposing arm in the 
majority of the swings. Because the alignment of peaks in the forward and backward direction of 
the opposing arms is part of the identification of the quality of the coordinative relationship 
between the limbs, this indicates that the TDC displays a more coordinative pattern of the arm 
swing trajectories during this task compared to the child with USCP. This can be seen in Figure 
1A, where the arms are not reaching their forward and backward peaks at the same time, 
indicating a quality of coordinative pattern lower than that observed in the TDC. Specifically, the 
peak forward swing of the MA arm (e.g. dark gray line) is more misaligned with the backward 
arm swing of the LA arm (e.g. light gray line) than vice versa. Because the alignment of the 
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peaks is different from cycle to cycle in both children, both can be identified as having low 
stability. Additionally, the trajectories of the child with USCP are not as smooth as those 
observed in the TDC. Furthermore, it is evident that the amplitude of the arm swing of the ND 
arm of the TDC is greater (larger peak-to-peak displacement) than that of the MA arm of the 
child with USCP. The arm swing trajectories of the TDC are also more symmetrical compared to 
the child with USCP, which is illustrated by the similar peak height between the arms. Lastly, the 
mean cycle duration of the TDC is shorter than that of the child with USCP, as the duration of 
arm swing cycle is identified by the distance from one forward peak to the next of the same arm. 
However, this child was unable to consistently replicate the same arm swing throughout the 
entirety of the trial, which is evidenced by the characteristics of the peaks in both the forward 
and backward directions differing with each swing.    
 As seen in Figure 2, these findings were representative of the children we tested. TDC 
demonstrated higher MARP (measure of coordination) between their arms compared to children 
with USCP during the standing with asymmetric arm swing task. This higher MARP value is 
associated with a more anti-phase pattern. However, there was no difference in DP (measure of 





           
     
    
















 Figure 1. Arm swing trajectories of a representative child with USCP and TDC during all tasks. 
Trajectories of the more and less affected arms during standing with asymmetric arm swing of a 
representative child with USCP (A) and the non-dominant and dominant arms during the same 
task of a representative TD child (B). Trajectories of the more and less affected arms during 
standing with symmetric arm swing of a representative child with USCP (C) and the non-
dominant and dominant arms during the same task of a representative TD child (D). Trajectories 
of the more and less affected arms during in-place marching with asymmetric arm swing in a 
representative child with USCP (E) and the non-dominant and dominant arms during the same 
task of a representative TD child (F). Trajectories of the more and less affected arms during in-
place marching with symmetric arm swing in a representative child with USCP (G) and the non-
dominant and dominant arms during the same task of a representative TD child (H). Dark gray 
lines represent the more affected/non-dominant arm. Light gray lines represent the less 




Figure 2. MARP and DP between the arms during a standing with asymmetric arm swing task. 
Mean ± Standard Error. *p<0.05. 
 
























Table 6  
MARP and DP of the Arms for Typically Developing Children and the Children with USCP 
during Standing with Asymmetric Arm Swing before Intervention 
 MARP DP 
Standing with Asymmetric Arm Swing  
Typically Developing  161.70(2.31) 55.09(11.71) 
Children with USCP 120.12(7.31) 50.929(9.12) 
p-value 0.000013 0.67 
Confidence Interval Difference (95%) -48.54,-14.81 -0.22,0.33* 
t-statistic -3.83 0.43 
Note: MARP = Mean Absolute Relative Phase. DP = Deviation Phase. Mean (Standard Error). 







Spatiotemporal Variables of the Arms for Typically Developing Children and the Children with USCP during Standing with 







CV of Arm Swing 
 MA LA   MA LA 
Standing with Asymmetric Arm Swing    
Typically Developing Children 16.42(1.10) 15.78(0.84) 1.26(0.06) 1.03(0.02) 0.20(0.01) 0.04(0.01) 
Children with USCP 9.94(0.56) 15.57(0.82) 1.64(0.08) 0.69(0.07) 0.13(0.01) 0.19(0.01) 
CI Difference (95%) -8.73,-4.22 -2.87,2.44 0.12,0.64 -0.54,-0.15 -0.10,-0.04 -0.05,0.01 
p-value 0.000002 0.87 0.01 0.001 0.00003 0.29 
t-statistic -5.86 -0.17 2.94 -3.58 -4.93 -1.08 




v. Aim 2: To determine if continuous, inter-limb coordination (MARP) and 
stability (DP) between the arms decrease during in-place marching with 
symmetric and asymmetric arm swing tasks compared to standing with arm 
swing tasks in children with USCP and TDC. 
 The LA arm of children with USCP swung with a smaller amplitude during the in-place 
marching condition compared to standing during both the symmetric and asymmetric tasks 
(Table 9A). However, there were no differences in amplitude of the MA arm of children with 
USCP or either arm of TDC (Table 9A, B). No significant difference in arm swing symmetry 
was evident between standing and in-place marching with either symmetric or asymmetric arm 
swing in children with USCP (Table 9A). TDC indicated greater symmetry during the standing 
compared to in-place marching with asymmetric arm swing only (Table 9B). Children with 
USCP had a longer mean cycle duration during in-place marching compared to standing with 
symmetric arm swing with no difference in asymmetric arm swing (Table 9A), while TDC 
showed no differences in cycle duration in any task (Table 9B). Both arms were more variable 
during the asymmetric and symmetric arm swing tasks during standing compared to in-place 
marching in children with USCP (Table 9A). TDC had greater variability of arm swing of both 
arms during standing compared to in-place marching with asymmetric arm swing, but no 
differences during symmetric arm swing (Table 9B). 
Figure 1A and 1E illustrate a representative child with USCP during the standing and in-
place marching with asymmetric arm swing tasks, respectively. In both figures, the pattern 
observed is the same. As the MA arm swings forward, identified by the top peak of the dark gray 
trajectory, the LA arm swings backward, identified by the bottom peak of the light gray 
trajectory. However, there is a difference in pattern between Figure 1C and 1G, which represent 
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a representative child with USCP performing the standing marching and in-place marching with 
symmetric arm swing, respectively. During this task, the peaks of the arms should coincide as 
they move forward and backward together. However, it is clear that during the in-place marching 
condition (Figure 1G), the child has difficulty remaining in one pattern. In some cycles, the arms 
swing in opposition of one another, while in other cycles the arms swing in the same direction. 
This is not the case in the standing with symmetric arm swing condition (Figure 1C), as the 
peaks of both arms move in the same direction at the same time. Therefore, the coordinative 
pattern of the trajectories observed during the standing with symmetric arm swing task is better 
than the in-place marching with symmetric arm swing task. Because the stability of the pattern is 
also affected by the changing of arm swing pattern from cycle to cycle, the stability is also better 
during the standing compared to the in-place marching with symmetric arm swing task.  
 As observed in the child with USCP, there are no visible differences in coordination or 
stability of the trajectories between the standing (Figure 1B) compared to the in-place marching 
(Figure 1F) with asymmetric arm swing task as illustrated by the most representative TDC. The 
TDC did indicate greater arm swing symmetry during the standing compared to in-place 
marching, as evidenced by more symmetrical peak heights of the arm swings during the standing 
task. However, amplitude symmetry does not impact overall coordination or stability and thus 
the patterns remain similar. The standing and in-place marching conditions with symmetric arm 
swing of a representative TDC are shown in Figure 1D and 1H, respectively. A superior 
coordinative pattern of the trajectories is visible in the TDC during the standing compared to in-
place marching task. The peaks of both arms in both directions are almost completely vertically 
aligned during the standing condition, which is evidenced by the trajectory of the ND arm (e.g. 
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dark gray line) being almost completely covered by the trajectory of the D arm (e.g. light gray 
line). This is not the case during the in-place marching task.  
 As seen in Figure 3, these findings were representative of the children we tested. MARP 
and DP between the arms were better when children with USCP stood compared to when they 
marched in-place and swung their arms symmetrically (Table 8), indicated by a more in-phase 
pattern with greater stability (Figure 3A). Children with USCP did not demonstrate different 
MARP or DP values when standing or marching in-place with asymmetric arm swing (Figure 
3B). TDC displayed lower MARP (e.g. more in-phase) when standing compared to in-place 
marching with symmetric arm swing (Figure 3C) and no difference in DP between these tasks 
(Table 8). There were no differences in MARP or DP during standing compared to in-place 
marching with asymmetric arm swing in TDC (Figure 3D).  
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A.      B.  
  
 C.       D.  
  
Figure 3. MARP and DP between the arms of children with USCP and TDC during all tasks. 
MARP and DP between the arms during in-place marching and standing with symmetric arm 
swing in children with USCP (A) and TD children (C). MARP and DP between the arms during 
in-place marching and standing with asymmetric arm swing in children with USCP (B) and TD 








































































Differences in MARP and DP of the Arms between In-Place Marching and Standing Tasks with Asymmetric and Symmetric Arm 
Swing for Typically Developing Children and Children with USCP 
 USCP Typically Developing 
 MARP DP MARP DP 
In-Place Marching with Asymmetric Arm Swing 123.93(5.57) 52.32(7.64) 155.60(3.32) 50.94(12.87) 
Standing with Asymmetric Arm Swing 120.12(7.31) 50.93(9.12) 161.70(2.31) 55.09(11.71) 
p-value 0.57 0.57 0.13 0.78 
Confidence Interval Difference (95%) -9.94,17.54 -0.13,0.23* -14.36,2.16 -0.38,-0.29* 
t-statistic 0.58 0.58 -1.65 -0.29 
In-Place Marching with Symmetric Arm Swing 42.96(5.71) 37.20(6.62) 10.62(0.93) 8.18(1.36) 
Standing with Symmetric Arm Swing 19.49(2.93) 17.60(2.42) 5.88(0.95) 6.83(1.49) 
p-value 0.000004 0.003 0.000189 0.25 
Confidence Interval Difference (95%) 0.22,0.45* 0.09,0.41* 0.17,0.39* -0.11,0.37* 
t-statistic 6.19 -6.79 5.73 1.23 
Note: MARP = Mean Absolute Relative Phase. DP = Deviation Phase. Mean (Standard Error). Bold values indicate significant 

















CV of Arm Swing  
 MA LA   MA LA 
In-Place Marching with Asymmetric 
Arm Swing 
8.66(0.82) 13.14(0.81) 0.66(0.05) 1.49(0.08) 0.09(0.01) 0.14(0.01) 
Standing with Asymmetric Arm 
Swing 9.94(0.56) 15.57(0.82) 0.69(0.07) 1.64(0.09) 0.13(0.01) 0.19(0.01) 
p-value 0.10 0.02 0.76 0.21 3.05*10^-7 0.00002 
Confidence Interval Difference (95%) -2.83,0.27 -4.43,-0.42 -0.22,0.16 -0.38,0.09 -0.06,-0.03 -0.07,-0.03 
t-statistic -1.72 -2.51 -0.31 -1.29 -7.36 -5.39 
In-Place Marching with Symmetric 
Arm Swing 
10.21(1.08) 14.63(0.91) 0.69(0.06) 1.34(0.06) 0.11(0.01) 0.17(0.01) 
Standing with Symmetric Arm Swing 12.17(0.94) 16.93(0.50) 0.72(0.05) 1.22(0.03) 0.14(0.01) 0.20(0.01) 
p-value 0.15 0.04 0.75 0.03 0.00003 0.0002 
Confidence Interval Difference (95%) -4.73,0.79 -4.47,-0.12 -0.16,0.12 0.01,0.24 -0.05,-0.02 -0.05,-0.02 
t-statistic -1.48 -2.19 -0.32 2.35 -5.27 -4.40 


















CV of Arm Swing  
 ND D   ND D 
In-Place Marching with Asymmetric 
Arm Swing 
14.42(1.31) 15.48(1.02) 0.92(0.04) 1.42(0.14) 0.17(0.01) 0.18(0.01) 
Standing with Asymmetric Arm 
Swing 16.42(1.10) 15.78(0.84) 1.03(0.02) 1.26(0.06) 0.20(0.01) 0.21(0.01) 
p-value 0.13 0.76 0.02 0.13 0.04 0.03 
Confidence Interval Difference (95%) -4.71,0.73 -2.44,1.83 -0.19,-0.02 -0.06,0.38 -0.06,-0.003 -0.06,-0.003 
t-statistic -1.63 -0.32 -2.81 1.66 -2.42 -2.5 
In-Place Marching with Symmetric 
Arm Swing 
17.48(1.37) 15.06(0.77) 1.18(0.11) 1.26(0.05) 0.20(0.01) 0.21(0.01) 
Standing with Symmetric Arm Swing 15.29(0.68) 15.46(0.79) 0.99(0.01) 1.15(0.02) 0.19(0.01) 0.21(0.01) 
p-value 0.13 0.59 0.13 0.12 0.48 0.19 
Confidence Interval Difference (95%) -0.77,5.16 -2.04,1.22 -0.07,0.45 -0.03,0.23 -0.02,0.01 -0.03,0.01 
t-statistic 1.65 -0.56 1.64 1.69 -0.73 -1.39 





vi. Aim 3: To determine if an intensive UE intervention will improve continuous, 
inter-limb coordination (MARP) and stability (DP) between the arms during 
symmetric and asymmetric arm swing tasks during standing and in-place 
marching for children with USCP. 
Baseline differences between the Treatment and No-Treatment group for arm swing 
amplitude, arm swing symmetry, mean cycle duration, and CV of arm swing were evaluated 
using independent samples t-tests. Results indicated that the groups differed in four variables 
associated with arm swing amplitude and two variables associated with CV of arm swing. The 
Treatment group indicated a smaller arm swing amplitude of the MA arm, t(20)=-3.43, p=0.003, 
and LA arm, t(20)=-2.42, p=0.03, compared to the No-Treatment group during the in-place 
marching with asymmetric arm swing task. During the in-place marching with symmetric arm 
swing task, the Treatment group indicated a smaller arm swing associated with the LA arm 
compared to the No-Treatment group, t(20)=-2.14, p=0.05. During the standing with asymmetric 
arm swing task, the Treatment group indicated a smaller arm swing associated with the MA arm 
compared to the No-Treatment group, t(20)=-2.82, p=0.01. The Treatment group also indicated a 
smaller CV value than the No-Treatment group associated with the MA arm, t(20)=-2.23, 
p=0.04, and LA arm, t(20)=-2.38, p=0.03, during the in-place marching with symmetric arm 
swing task. No other differences at pre-test between groups were evident. 
Arm swing amplitude of the MA and LA arms and arm swing symmetry between the 
arms did not indicate any interaction effects (Group x Session) for any tasks (Tables 11, 13). 
However, a significant interaction effect showed a decrease in mean cycle duration during the in-
place marching with asymmetric arm swing task associated with the Treatment group, while the 
No-Treatment group did not change (Table 12). During the in-place marching with symmetric 
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arm swing task, a significant interaction effect indicated that the MA arm of the Treatment group 
increased CV from pre- to post-test, while the No-Treatment group did not change. An 
interaction effect was also evident for the LA arm during this task, with the Treatment group 
increasing the CV at post-test, while the No-Treatment group did not change. There was no 
significant interaction effect evident during the standing with asymmetric arm swing task 
associated with the MA arm, but a significant interaction effect associated with the LA arm 
indicated that the Treatment group increased CV at post-test, while the No-Treatment group did 
not change. No significant interaction effects were evident during the standing with symmetric 
arm swing task for the MA or LA arm (Table 14). There were no other significant interactions 
associated with the spatiotemporal variables. 
 Figures 4A and 4B illustrate trajectories of the MA and LA arms during in-place 
marching with asymmetric arm swing of a representative child with USCP in the Treatment 
group at pre-test and post-test, respectively. The similar shapes of the trajectories between the 
figures indicate that coordination and stability of the patterns are similar. In both graphs, the 
peaks of the opposing arms align in some cycles and do not align as well in others. Figures 4C 
and 4D represent the in-place marching with asymmetric arm swing tasks in a representative 
child with USCP from the No-Treatment group at pre-test and post-test, respectively. Likewise, 
the similarity in pre-test and post-test graphs indicate comparable coordination and stability. It is 
important to note the noticeably higher level of coordination illustrated by the child of the No-
Treatment group compared to the child of the Treatment group at pre-test during this task. The 
child of the No-Treatment group shows greater alignment of the peaks of the arms compared to 
the child of the Treatment group. This is also true for the in-place marching with symmetric arm 
swing task, as the child of the No-Treatment group (Figure 4G) shows a better coordinative 
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pattern of the trajectories compared to the child of the Treatment group (Figure 4E), which is 
also illustrated by better alignment of peak arm swing. However, during the symmetric arm 
swing task, the representative child with USCP in the Treatment group shows an improvement in 
coordinative pattern of the trajectories between the arms from pre-test (Figure 4E) to post-test 
(Figure 4F), while the child of the No-Treatment group does not (Figures 4G, 4H). This 
improvement is identified by better alignment of peak arm swing and the peaks aligning for a 
greater number of cycles at post-test compared to pre-test.  
 Graphs of the pre-test and post-test trials of the standing with asymmetric arm swing 
condition illustrate seemingly similar trajectories of arm swing for both a representative child of 
the Treatment group (Figures 5A, 5B) and the No-Treatment group (Figures 5C, 5D). However, 
the child of the No-Treatment group indicated better coordination and a more stable pattern at 
pre-test during this task compared to the child in the Treatment group. This can be seen by 
superior alignment of the arm swing peaks and more consistently similar arm swings throughout 
the entire trial in Figure 5C compared to Figure 5A. As observed by the similar graphs 
representing pre-test and post-test of the child in the Treatment group (Figures 5E, 5F) and the 
No-Treatment group (Figures 5G, 5H), there was no change in the pattern of the trajectories after 
treatment.  
 Independent t-tests evaluated baseline (Pre-test) differences in MARP and DP between 
the Treatment and No-Treatment groups. Results indicated that the groups differed in four 
variables. First, MARP between the arms during the in-place marching with asymmetric arm 
swing task was higher for the No-Treatment group compared to the Treatment group, t(20)=-
2.29, p=0.03. Second, MARP between the arms during an in-place marching with symmetric arm 
swing task was lower for the No-Treatment group than for the Treatment group, t(20)=3.26, 
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p=0.004. Third, MARP between the arms during a standing with asymmetric arm swing task was 
higher for the No-Treatment group than for the Treatment group, t(20)=-3.58, p=0.002. Fourth, 
DP between the arms during a standing with asymmetric arm swing task was lower for the No-
Treatment group compared to the Treatment group, t(20)=4.39, p=0.000281.  
 A significant interaction effect was observed during the in-place marching with 
symmetric arm swing task. Pairwise comparisons indicated that the Treatment group 
demonstrated an increase in MARP (F(1, 20) = 8.72, p=0.01, ηp2 = 0.30) between the arms, 
evidenced by a more in-phase pattern after the intervention (Figure 6A). However, there was no 
interaction effect for DP (Figure 6B). No significant interaction effects were observed for either 
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Figure 4. Arm swing trajectories of a representative child with USCP from the Treatment and 
No-Treatment group during in-place marching tasks. Trajectories of the more and less affected 
arms during in-place marching with asymmetric arm swing at pre-test (A) and post-test (B) of a 
representative child in the Treatment group. Trajectories of more and less affected arms during 
in-place marching with asymmetric arm swing at pre-test (C) and post-test (D) of a 
representative child in the No-Treatment group. Trajectories of the more and less affected arms 
during in-place marching with symmetric arm swing at pre-test (E) and post-test (F) of a 
representative child in the Treatment group. Trajectories of the more and less affected arms 
during in-place marching with symmetric arm swing at pre-test (G) and post-test (H) of a 
representative child in the No-Treatment group. Dark gray lines represent the more affected arm. 















Figure 5. Arm swing trajectories of a representative child from the Treatment and No-Treatment 
group during standing tasks. Trajectories of the more and less affected arms during standing with 
asymmetric arm swing at pre-test (A) and post-test (B) of a representative child in the Treatment 
group. Trajectories of the more and less affected arms during standing with asymmetric arm 
swing at pre-test (C) and post-test (D) of a representative child in the No-Treatment group. 
Trajectories of the more and less affected arms during standing with symmetric arm swing at 
pre-test (E) and post-test (F) of a representative child in the Treatment group. Trajectories of the 
more and less affected arms during standing with symmetric arm swing at pre-test (G) and post-
test (H) of a representative child in the No-Treatment group. Dark gray lines represent the more 
affected arm. Light gray lines represent the less affected arm. Y-axis = trajectory in degrees. X-









Figure 6. MARP and DP between the arms of children in the Treatment and No-Treatment 
groups during an in-place marching with symmetric arm swing task. A. MARP between the 


































Table 10A  
MARP and DP of the Arms for the Treatment and No-Treatment Groups 
 MARP  DP  
 Pre-Test Post-Test p-value Pre-Test Post-Test p-value 
In-Place Marching with Asymmetric Arm Swing    




No-Treatment 135.59(6.83) 110.25(14.57) 54.38(11.94) 31.56(9.08) 
In-Place Marching with Symmetric Arm Swing    




No-Treatment 29.18(7.24) 32.36(8.98) 25.87(6.87) 28.92(7.40) 
Standing with Asymmetric Arm Swing     




No-Treatment 141.07(5.92) 143.89(6.87) 26.19(7.44) 46.58(13.65) 
Standing with Symmetric Arm Swing     




No-Treatment 16.16(3.97) 17.16(5.07) 14.15(2.60) 14.72(4.74) 
Note: MARP = Mean Absolute Relative Phase. DP = Deviation Phase. Mean (Standard Error). P-values represent the interaction 





Table 10B  
MARP and DP of the Arms Mean Difference, Effect Size, and CI Difference (95%) for the Treatment and No-Treatment Groups 














In-Place Marching with Asymmetric Arm Swing    
Treatment 3.48 0.004 -23.15, 30.11 0.69 0.02 -0.19, 0.33* 
No-Treatment 25.34 0.17 -1.29, 51.97 0.21 0.13 -0.05, 0.47* 
In-Place Marching with Symmetric Arm Swing    
Treatment 0.19 0.30 0.06, 0.32* 0.03 0.003 -0.20, 0.26* 
No-Treatment -0.03 0.01 -0.16, 0.09* -0.06 0.02 -0.29, 0.17* 
Standing with Asymmetric Arm Swing     
Treatment -23.5 0.33 -38.96, -8.04 0.04 0.01 -0.20, 0.28 
No-Treatment -2.83 0.007 -18.29, 12.63 -0.17 0.09 -0.41, 0.07 
Standing with Symmetric Arm Swing     
Treatment -0.06 0.08 -0.14, 0.03* -0.49 0.0004 -11.27, 10.29 
No-Treatment -0.003 0.0003 -0.09, 0.08* -0.57 0.001 -11.35, 10.21 




Amplitude of the More and Less Affected Arms of the Treatment and No-Treatment Groups 
 Pre-Test Post-Test Mean Diff CI Diff (95%) ES p-value 
In-Place Marching with Asymmetric Arm Swing    
More Affected Arm      
Treatment 6.37(0.73) 9.38(1.37) -3.01 -6.37,0.35 0.15 
0.24 
No-Treatment 10.95(1.12) 11.22(1.62) -0.26 -3.62,3.09 0.001 
Less Affected Arm       
Treatment 11.38(0.92) 12.80(1.21) -1.42 -4.23,1.39 0.05 
0.51 
No-Treatment 14.89(1.12) 15.03(0.90) -0.13 -2.94,2.67 0.0005 
In-Place Marching with Symmetric Arm Swing    
More Affected Arm      
Treatment  9.69(1.86) 10.49(1.11) -0.80 -4.54,2.94 0.01 
0.69 
No-Treatment 10.71(1.19) 10.49(1.15) 0.21 -3.53,3.95 0.001 
Less Affected Arm       
Treatment  12.85(1.17) 15.28(0.65) -2.43 -4.36,-0.51 0.26 
0.07 
No-Treatment 16.42(1.20) 16.37(0.56) 0.05 -1.87,1.98 0.0002 
Standing with Asymmetric Arm Swing     
More Affected Arm      
Treatment 8.57(0.69) 10.20(1.03) -1.63 -3.90,0.65 0.10 
0.89 
No-Treatment 11.31(0.68) 12.72(1.17) -1.42 -3.69,0.86 0.08 
Less Affected Arm       
Treatment 14.35(1.35) 16.78(0.76) -2.42 -4.79,-0.05 0.19 0.14 
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No-Treatment 16.78(0.83) 16.69(0.99) 0.08 -2.29,2.45 0.0002 
Standing with Symmetric Arm Swing     
More Affected Arm      
Treatment 11.75(1.58) 12.53(1.09) -0.78 -3.82,2.26 0.01 
0.59 
No-Treatment 12.59(1.07) 12.25(1.00) 0.34 -2.70,3.38 0.003 
Less Affected Arm       
Treatment 16.58(0.62) 16.79(0.67) -0.21 -2.39,1.96 0.002 
0.32 
No-Treatment 17.28(0.81) 15.97(0.71) 1.31 -0.87,3.49 0.07 
Note: Mean (Standard Error). Mean Diff = Mean Difference. CI Diff = Confidence Interval 




Table 12  
Symmetry of Arm Swing of the Treatment and No-Treatment Groups 
 Pre-Test Post-Test Mean Diff CI Diff (95%) ES p-value 
In-Place Marching with Asymmetric Arm Swing    
Treatment 0.57(0.06) 0.65(0.06) -0.08 -0.23,0.07 0.06 
0.32 
No-Treatment 0.73(0.05) 0.71(0.05) 0.02 -0.13,0.18 0.005 
In-Place Marching with Symmetric Arm Swing    
Treatment  0.62(0.04) 0.66(0.06) -0.04 -0.19,0.12 0.012 
0.62 
No-Treatment 0.66(0.07) 0.64(0.07) 0.02 -0.14,0.17 0.002 
Standing with Asymmetric Arm Swing     
Treatment 0.57(0.05) 0.61(0.06) -0.5 -0.19,0.09 0.03 
0.88 
No-Treatment 0.69(0.04) 0.75(0.05) -0.06 -0.20,0.07 0.04 
Standing with Symmetric Arm Swing     
Treatment 0.67(0.06) 0.73(0.05) -0.06 -0.17,0.05 0.06 
0.71 
No-Treatment 0.74(0.06) 0.77(0.06) -0.03 -0.14,0.08 0.02 
Note: Mean (Standard Error). Mean Diff = Mean Difference. CI Diff = Confidence Interval 




Mean Cycle Duration of the Treatment and No-Treatment Groups 
 Pre-Test Post-Test Mean Diff CI Diff (95%) ES p-value 
In-Place Marching with Asymmetric Arm Swing    
Treatment 1.57(0.12) 1.29(0.08) 0.28 0.10,0.45 0.36 
0.02 
No-Treatment 1.42(0.09) 1.44(0.09) -0.02 -0.19,0.15 0.003 
In-Place Marching with Symmetric Arm Swing    
Treatment  1.32(0.08) 1.33(0.07) -0.01 -0.22,0.20 0.001 
0.81 
No-Treatment 1.37(0.09) 1.34(0.09) 0.03 -0.19,0.24 0.003 
Standing with Asymmetric Arm Swing     
Treatment 1.62(0.12) 1.50(0.09) 0.11 -0.09,0.32 0.07 
0.89 
No-Treatment 1.66(0.13) 1.52(0.09) 0.14 -0.07,0.34 0.09 
Standing with Symmetric Arm Swing     
Treatment 1.21(0.03) 1.12(0.03) -0.02 -0.13,0.09 0.007 
0.74 
No-Treatment 1.22(0.05) 1.21(0.05) 0.01 -0.10,0.11 0.001 
Note: Mean (Standard Error). Mean Diff = Mean Difference. CI Diff = Confidence Interval 




Table 14  
Coefficient of Variation of Arm Swing of the Treatment and No-Treatment Groups 
 
 Pre-Test Post-Test Mean Diff CI Diff (95%) ES p-value 
In-Place Marching with Asymmetric Arm Swing    
More Affected Arm       
Treatment 0.07(0.01) 0.10(0.15) -0.03 -0.05,-0.01 0.39 
0.20 
No-Treatment 0.12(0.01) 0.14(0.01) -0.02 -0.03,0.003 0.13 
Less Affected Arm       
Treatment 0.09(0.01) 0.14(0.01) -0.02 -0.05,0.01 0.08 
0.71 
No-Treatment 0.11(0.01) 0.16(0.01) -0.03 -0.05,0.004 0.14 
In-Place Marching with Symmetric Arm Swing    
More Affected Arm       
Treatment  0.09(0.01) 0.12(0.13) -0.03 -0.05,-0.01 0.36 
0.03 
No-Treatment 0.15(0.01) 0.19(0.01) -0.001 -0.02,0.02 0.0002 
Less Affected Arm       
Treatment  0.11(0.01) 0.12(0.01) -0.04 -0.06,-0.02 0.48 
0.006 
No-Treatment 0.17(0.01) 0.19(0.01) -0.01 -0.03,0.01 0.09 
Standing with Asymmetric Arm Swing     
More Affected Arm       
Treatment 0.12(0.01) 0.13(0.01) -0.01 -0.03,0.01 0.07 
1.0 
No-Treatment 0.18(0.01) 0.22(0.01) -0.01 -0.03,0.01 0.07 
Less Affected Arm       
Treatment 0.13(0.01) 0.14(0.01) -0.04 -0.06,-0.02 0.37 0.05 
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No-Treatment 0.19(0.01) 0.22(0.01) -0.01 -0.03,0.02 0.01 
Standing with Symmetric Arm Swing     
More Affected Arm       
Treatment 0.14(0.02) 0.15(0.01) -0.01 -0.03,-0.002 0.23 
0.33 
No-Treatment 0.19(0.01) 0.22(0.01) -0.01 -0.02,0.01 0.05 
Less Affected Arm       
Treatment 0.14(0.01) 0.15(0.01) -0.02 -0.04,-0.01 0.26 
0.07 
No-Treatment 0.20(0.01) 0.21(0.01) -0.0001 -0.02,0.02 0.00001 
 Note: Mean (Standard Error). Mean Diff = Mean Difference. CI Diff = Confidence Interval 




vii. Aim 4: To determine if an intensive UE intervention will improve continuous, 
inter-limb coordination (MARP) and stability (DP) between the UE and LE 
during an in-place marching with asymmetric arm swing task for children 
with USCP. 
 Figures 7A and 7B illustrate the arm swing trajectories of the MA arm and MA leg of a 
representative child with USCP in the Treatment group at pre-test and post-test, respectively. 
Though the coordinative pattern of the trajectories is poor during this task, the pattern does not 
change from pre-test to post-test. This can be seen by the peak of the arm and leg failing to align 
their maximum amplitude of the opposite direction. However, stability of the pattern declines 
from pre-test to post-test. This is shown by the majority of the pre-test cycles indicating 
maximum peak height of each limb in the opposite direction of one another, while the post-test 
cycles show the peaks of the arm and leg are in the same direction for some cycles and in the 
opposite direction for other cycles. Also, at post-test the child does not swing the arms in a 
consistent manner during each consecutive cycle, which is indicative of low stability. The child 
in the No-Treatment group illustrates the same pattern of arm swing trajectories at pre-test and 
post-test between the MA arm and MA leg (Figures 7C, 7D) and between the MA arm and LA 
leg (Figures 7G, 7H). There is also a lack of change in trajectory of the MA arm and LA leg 
observed in the child of the Treatment group (Figures 7E, 7F). During this task, the limbs should 
be moving in the same direction, which is illustrated by the alignment of the forward peaks of the 
arm and the leg. Neither the alignment nor the consistency of the alignment change from pre-test 
to post-test, as can be seen by the graphs.    
 There were no group differences associated with MARP or DP at pre-test. While no 
interaction effect was observed for MARP between the MA arm and MA leg during the in-place 
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marching with asymmetric arm swing task (Figure 8A), there was a significant interaction effect 
for DP. Pairwise comparisons indicated that DP (F(1,20)=4.45, p=0.05, ηp2 = 0.18) increased 
from pre- to post-test in the Treatment group (Figure 8B). Neither MARP nor DP indicated 














Figure 7. Arm swing trajectories of a representative child from the Treatment and No-Treatment 
group during in-place marching with asymmetric arm swing task. Trajectories of the more 
affected arm and more affected leg of a representative child in the Treatment group at pre-test 
(A) and post-test (B). Trajectories of the more affected arm and more affected leg of a 
representative child in the No-Treatment group at pre-test (C) and post-test (D). Trajectories of 
the more affected arm and less affected leg of a representative child in the No-Treatment group 
at pre-test (E) and post-test (F). Trajectories of the more affected arm and less affected leg of a 
representative child in the No-Treatment group at pre-test (G) and post-test (H). Dark gray lines 
represent the more affected arm. Light gray lines represent the more affected leg (A, B, C, D) 








Figure 8: MARP and DP between the more affected arm and leg of children in the Treatment 
and No-Treatment groups during an in-place marching with asymmetric arm swing task. A. 
MARP between the more affected arm and more affected leg. B. DP between the more affected 







































MARP and DP of the Upper and Lower Extremities of the Treatment and No-Treatment Groups 
 MARP  DP  
 Pre-Test Post-Test p-value Pre-Test Post-Test p-value 
In-Place Marching with Asymmetric Arm Swing    
More Affected Arm and More Affected Leg     




No-Treatment 103.28(7.60) 114.76(9.71) 52.35(6.99) 43.14(7.20) 
More Affected Arm and Less Affected Leg     




No-Treatment 66.07(9.14) 74.42(10.01) 45.84(6.17) 45.38(4.14) 
Note: MARP = Mean Absolute Relative Phase. DP = Deviation Phase. Mean (Standard Error). P-values represent the interaction 








Mean Difference, Effect Size, and CI Difference (95%) of the Upper and Lower Extremities of the Treatment and No-Treatment 
Groups 
 MARP DP 
 
Mean 




Difference Effect Size 
CI Difference 
(95%) 
In-Place Marching with Asymmetric Arm Swing    
More Affected Arm and More Affected Leg    
Treatment -4.95 0.03 -17.20,7.31 -19.91 0.18 -39.58,-0.23 
No-Treatment -0.92 0.001 -13.17,11.34 9.21 0.05 -10.47,28.89 
More Affected Arm and Less Affected Leg    
Treatment -0.35 0.0001 -16.19,15.50 0.01 0.002 -0.13,0.15* 
No-Treatment -8.36 0.06 -24.20,7.49 -0.01 0.002 -0.16,0.13* 
Note: MARP = Mean Absolute Relative Phase. DP = Deviation Phase. CI = Confidence Interval. Asterisks indicate logged variables.  
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 viii. Differences between Treatment Groups 
 The one difference between groups at pre-test indicated that the CIMT group (M =35.04, 
SE=5.60) had a lower DP value between the MA arm and leg during the in-place marching with 
asymmetric arm swing task compared to the HABIT (M=67.64, SE=11.88) group, t(9)=2.63, 
p=0.03. For exploratory purposes, differences in change scores between children who received 
HABIT (n=5) and those who received CIMT (n=6) were analyzed. Change scores were used due 
to the small sample size. All variables met the assumption of normality and all but two variables 
met the assumption of homogeneity of variance. Therefore, the p-values of those variables were 
taken from the t-statistic associated with unequal variances. T-tests of independent samples 
indicated that the CIMT group had a larger decrease in DP compared to the HABIT group during 
the standing with symmetric arm swing task, which was also observed when the percent change 
scores were analyzed and when an analysis of variance was used. No other MARP, DP, or 
spatiotemporal variables indicated change score differences between HABIT and CIMT groups. 




Table 16  
Change Scores of MARP and DP from Pre-Test to Post-Test of the HABIT and CIMT Groups 
 HABIT CIMT p-value 
In-Place Marching with Asymmetric Arm Swing    
Arms    
MARP 23.99(3.92) 21.51(6.39) 0.76 
DP 27.32 (7.47) 40.85(17.86) 0.53 
More Affected Arm and More Affected Leg    
MARP 15.48(8.50) 12.63(8.03) 0.81 
DP 42.04(15.53) 21.84(9.94) 0.29 
More Affected Arm and Less Affected Leg    
MARP 13.54(3.45) 20.17(8.86) 0.54 
DP 32.64(6.89) 15.95(3.96) 0.06 
In-Place Marching with Symmetric Arm Swing    
Arms    
MARP 25.68(7.78) 18.97(10.08) 0.62 
DP 39.54(12.59) 38.74(11.81) 0.96 
Standing with Asymmetric Arm Swing    
Arms    
MARP 16.72(7.22) 30.96(17.08) 0.49 
DP 51.76(16.35) 23.17(8.05) 0.13 
Standing with Symmetric Arm Swing    
Arms    
MARP 4.90(1.70) 5.44(1.77) 0.83 
DP 3.38(0.97) 23.67(6.64) 0.03 
    
Note. MARP = Mean Absolute Relative Phase. DP = Deviation Phase. HABIT = Hand Arm 
Bimanual Intensive Therapy. CIMT = Constraint Induced Movement Therapy. Mean (Standard 





 The goals of this study were to evaluate continuous inter-limb coordination and stability 
in children with USCP compared to TDC and to determine if coordination and stability of 
children with USCP could be improved with intensive UE intervention. In partial support of the 
hypothesis, children with USCP displayed a lower level of inter-limb coordination compared to 
TDC. However, pattern stability did not differ between the children during a standing with 
asymmetric arm swing task. All children demonstrated greater difficulty coordinating their arms 
when required to march in-place compared to standing with symmetric arm swing. However, 
children did not show differences between in-place marching and standing with asymmetric arm 
swing. Additionally, intensive UE intervention improved coordination between the arms in 
children with USCP during an in-place marching with symmetric arm swing task, supporting the 
hypothesis that coordination would improve after the intervention.  
 Overall, results suggest that children with USCP have poor limb phasing relationships, 
which stem from an impaired neuromuscular system. Stronger phasing relationships after 
intensive UE intervention reflect improvements in the dynamic organization of the system. 
While spatiotemporal measures of coordination provide useful scientific information to advance 
the understanding of healthy and pathological movement patterns, RP analysis allows for 
theoretical explanation of the behavior of the neuromuscular system.  Together, these approaches 
explain modulation of specific behaviors that impacted overall coordination and stability.   
i. Children with USCP Have a Lower Level of Continuous Inter-Limb 
Coordination than TDC 
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 Coordination between the arms was lower in children with USCP compared to TDC 
during an asymmetric arm swing task. Differences in coordination between TDC and children 
with USCP discerned in this study are important, as this has been explicitly shown by only one 
other author using a continuous, gross motor task (Meyns et al., 2012). The majority of 
coordination studies in children with USCP utilized reaching tasks to evaluate limb coupling and 
only measure spatiotemporal parameters instead of continuous measures of coordination 
throughout the movement (Hung et al., 2004, 2011; Steenbergen, Hulstijn, De Vries, & Berger, 
1996; Steenbergen, van Thiel, Hulstijn, & Meulenbroek, 2000; Utley & Sugden, 1998). It should 
also be noted that children with USCP in this study had lower levels of coordination in other 
tasks including between the arms and between the MA arm and leg during the in-place marching 
with asymmetric arm swing, and between the arms during both the in-place marching and 
standing with symmetric arm swing tasks. Children with USCP also demonstrated poor stability 
compared to TDC during the in-place marching and standing with symmetric arm swing tasks. 
The results of this study support those of Meyns et al. (2012), as a deficit in coordination 
between the arms during asymmetric arm swing in children with USCP was observed in both 
studies.  
 Children with CP lack maturation of both the intersegmental coordination and 
spatiotemporal characteristics of the spinal segmental output (Cappellini et al., 2016). 
Furthermore, these children demonstrate differential maturation of features on the MA and LA 
LE. Since motor impairments specific to the MA hand during bimanual tasks are associated with 
the descending motor cortico-spinal tract (Rose et al., 2011; Pannek et al., 2014), inter-limb 
coordination in children with CP most likely depends on the coupling of CPGs and coordinated 
brainstem mechanisms instead of on cortical structures (Meyns et al., 2014). Consequently, limb 
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phasing relationships of these children may emerge from a combination of mechanical and 
neural oscillators (Lacquaniti et al., 2012) and may be controlled by organized unit burst 
generators for each segment (Grillner, 1981).  
 Functional deficits after neonatal injuries to descending systems, such as those that occur 
in CP, highlight the importance of supraspinal projections to spinal sensorimotor circuit 
development. Previous research suggests that descending input to the lumbar cord is necessary 
for normal development of sensorimotor systems and, if damaged, the development of essential 
spinal sensorimotor circuits is severely disrupted (Smith et al., 2017). Spasticity, caused by 
damage to the brain and descending motor pathways, results in enhanced activation of spinal 
motor neurons by peripheral reflex pathways (Evans et al., 1991; Gibbs et al., 1999). Previous 
literature reports reduced inhibition of Ia afferents and increased activation of excitatory 
propriospinal pathways without evidence of reduced excitability of inhibitory pathways to motor 
neurons associated with spastic CP (Achache et al., 2010). This imbalance may cause impaired 
voluntary movements of individuals with CP (Condliffe et al., 2016), since descending and other 
peripheral afferent pathways may also utilize spinal interneurons during voluntary movement 
(Geertsen et al., 2011). Since precise movement control depends on the gating and directing of 
sensory information in the spinal cord (Smith et al., 2017), this imbalance may also hinder 
muscle activation timing and explain why people with CP experience difficulty making rapid, 
alternating movements (Milner-Brown & Penn, 1979). The impaired coordination of reciprocal 
inhibitory connections, whose periodic frequencies are controlled by the brain, may lead to the 
observed poor inter-limb coordination in children with USCP (Cheron et al., 2012). 
 Though this study’s coordination results corroborated with those of Meyns et al. (2012), 
there were differences in the stability outcomes. The present study indicated no statistical 
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differences in stability between the arms of TDC and children with USCP, while Meyns et al. 
(2012) reported a higher level of stability for TDC (e.g. more consistent patterns). Differences in 
stability outcome measures may have led to this discrepancy. Meyns et al. (2012) used the SD of 
the CRP, which is less sensitive to slight pattern inconsistencies compared to DP used in this 
study (Kurz & Stergiou, 2004). Therefore, group differences reported by Meyns et al., (2012) 
may be due to the SD of CRP overestimating the stability of TDC. Review of the SD of CRP of 
all children in this study revealed values much lower than those depicted by DP and were in 
closer agreement with those of Meyns et al. (2012). Still, the average SD of CRP reported by 
Meyns et al. (2012) was almost half the stability value for children in this study. Variability 
difference may be due to the nature of the tasks used. While Meyns et al. (2012) required 
children to perform a task that they have inevitably had mass practice (e.g. walking), this study 
required children to perform a task that was generally novel to most. Thus, the ability of DP to 
identify minute pattern inconsistencies and the use of a more novel task revealed similar stability 
values between TDC and children with USCP in this study.  
 Low stability may represent the effect of maturation on movement pattern stability 
identified in previous literature (Largo, Fischer, & Rousson, 2003). While simple motor patterns 
and repetitive movements were once regarded as consistent among TDC of the same age, highly 
variable motor functions within an age group were recently reported. Comparisons of 
developmental change in performances across age suggest that with more complex motor tasks, 
there is greater inter-individual variability, more associated movements, and the variability 
plateau is reached with puberty (Largo et al., 2003). Children in this study were below the 
average age of puberty by more than three years (Rosenfield et al., 2000). In this study, age and 
DP value were negatively correlated in children with USCP (r(22)=-0.44, p=0.04), indicating 
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that stability of motor patterns increase with age. Though the negative correlation did not reach 
significance for the TDC, this may be due to the small sample (n=11). Therefore, if treatment can 
improve motor pattern stability, this finding implies that intervening at a young age is necessary 
to ensure that correct coordinative patterns are learned and become stable as the child matures.   
 A noteworthy trend in these data further supports this notion. Each task utilized three 
analyses to identify poor stability, including FFT (e.g. more than one peak), behavioral coding 
with Datavyu (e.g. more than one pattern), and RP analysis (e.g. higher than average DP value). 
Twenty-five out of 33 children displayed more than one pattern during at least one performance 
trial and 20 of those children also had more than one arm swing frequency (e.g. FFT). Of those 
20 children, 16 were under the group’s average age, which represented 60% of all trials. Ten 
children had at least one performance trial (at either pre- or post-test) that met all three 
conditions, which was approximately 11% of all trials. Eight of those children were younger than 
the average age of the entire sample, which implies that younger children have greater difficulty 
performing consistent patterns for an extended period of time. Thus, this trend may echo the 
point that younger children have a higher level of performance variability (Largo et al., 2003).   
ii. Intensive UE Intervention Improves Continuous, Inter-Limb Coordination 
in Children with USCP 
 The Treatment and No-Treatment groups differed in four variables associated with 
coordination and stability at pre-test, with the No-Treatment group performing better in all four 
variables. Of the pre-test between group spatiotemporal differences, the amplitude and variability 
of the LA arm during in-place marching with symmetric arm swing were no longer different 
after removing one outlier from the No-Treatment group and two from the Treatment group, 
respectively. A main effect of session was associated with coordination during standing with 
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asymmetric arm swing, which indicates a possible practice effect observed at post-test. However, 
group differences may be arbitrary, since all children met the same inclusion criteria and did not 
differ in anthropometric characteristics or hand function severity. Although, the fact that this 
study is not completely randomized, due to the recruitment of the No-Treatment group after the 
Treatment group’s participation, may have influenced the results. These differences could 
potentially have been avoided by collecting multiple baselines to rule out any practice effect or 
by stratifying randomization.  
While intervention did not result in improvements in coordination and stability of all 
pairs of limbs, children did improve coordination between the arms during in-place marching 
with symmetric arm swing. The pre-test difference between the Treatment and No-Treatment 
groups during this task was most likely due to random chance, since removal of the participant 
with the greatest difference from each respective group did not change the statistical outcome. 
While this task was considered complex due to inclusion of the LE, the required arm movement 
was simple and the easier of the two patterns to perform (e.g. in-phase). This combination of 
overall task complexity with simplistic arm movements may have allowed the emergence and 
observation of an improvement in coordination. Since modifications in limb interactions are 
dependent upon task complexity, more complex tasks are associated with greater limb coupling 
due to the additional planning and consequent motivation to perform (Sugden & Utley, 1995). In 
this study, the in-place marching with symmetric arm swing task may have been complex 
enough that children needed to plan and execute it with purpose. The Treatment group’s decrease 
in mean cycle duration was possibly a result of increased attention to limb pattern during this 
task. In contrast, the in-place marching with asymmetric arm swing task was perhaps too 
complex for these children due to the more difficult anti-phase arm movements. Thus, the 
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simpler, inherent arm phasing relationship combined with the complexity of in-place marching 
may have created a task complex enough to observe a true improvement in coordination.    
Previous literature reports improvements in quantity and quality of use of the MA hand 
after CIMT and improvements in bimanual hand function after HABIT (Gordon et al., 2011; 
Gordon et al., 2008). However, both therapies also improve bimanual coordination and effective 
use of the MA arm during bimanual coordination (Hung et al., 2011; Novak et al., 2013). 
Though both therapies improve hand function, this may not be enough for children to overcome 
the associated complexity of asymmetric arm swing while marching in-place. It may be easier 
for children to simply mirror the movement of the LA arm when the LE are included. This option 
is only available during the symmetric task, as the MA arm needs to create its own pattern during 
the asymmetric task and cannot rely on the LA arm’s movement. Increased UE function may 
have motivated children to incorporate their MA arm into voluntary movements, such as arm 
swing, and were able to do so with greater accuracy during the in-phase pattern.  
 A notable finding was the unexpected decreased stability between the MA arm and leg in 
children with USCP after intervention, associated with an effect size of ηp=0.2. Further 
examination indicated that the Treatment group had a larger (not significant) amplitude of the 
MA arm at post-test (p=0.053, 95% CI [-6.06, 0.042]). In this case, decreased stability may 
represent the impact of the children’s newly learned patterns on their ability to consistently 
execute the same cyclical pattern for an extended period of time. It may also indicate that the 
phasing relationship between the MA arm and leg was likely to change, since transitions in 
coordination patterns are marked by a decrease in stability just prior to pattern change (Kelso, 
1984). While there is currently no literature that follows the stability of motor patterns over time 
during an intervention, it has been evaluated during development. Ulrich (1997) explained that 
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when an underlying factor (e.g. arm swing ability) of a complex system gradually changes, the 
impact of the change may become sufficient enough to cause a relatively abrupt reorganization 
of the system into a new pattern. As a system approaches this type of transition, the stability of 
the pattern decreases. An example of this notion is how an adult typically takes alternating steps 
when climbing stairs, while a small child may take one step at a time, placing two feet on each 
step before climbing to the next. However, as strength, balance, or even confidence in one’s 
ability to perform the task increases, a decrease in stability would occur. The child explores new 
movement possibilities during this time and ultimately discovers a new, more effective pattern. 
When the instability reaches sufficient proportions, a shift to a new phasing relationship would 
occur. This type of transition period can last for days or weeks for tasks such as learning to walk 
or only milliseconds during gait transitions as a result of increased speed (Ulrich, Ulrich, & 
Angulo-Kinzler, 1998). Therefore, it is possible that a change to a new coordinative pattern may 
have been observed with continued evaluation of patterns.  
 Lack of change in coordination between the MA arm and LA leg supported the 
hypothesis that the LA leg may compensate for the MA arm and aid in effective coordination. 
Compensation between the MA and LA limbs is also observed during reaching tasks 
(Steenbergen et al., 1996; Sugden & Utley, 1995; Utley & Sugden, 1998), as the movement of 
the LA arm is faster when moving independently, but slows to meet the temporal deficits of the 
MA arm during bimanual movements. This temporal coupling is associated with high inter-limb 
coordination and may be why changes in pattern stability were only observed between the MA 
arm and leg. An independent t-test indicated no differences in stability between the MA arm and 
LA leg of children with USCP and the ND arm and D leg of TDC in this study (p>0.05, 95% CI 
[-0.05, 0.19]), which supports this suggestion.   
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iii. Adding LE to the Task Increases Coordination and Stability Demands 
 Adding LE movements made the tasks more difficult by increasing the df (Berthouze & 
Langarella, 2004), since df changes are highly dependent upon the imposed task constraints (van 
Emmerik, Hamill, & McDermott, 2005). The increased df may be a source of the decreased 
stability during in-place marching compared to standing with symmetric arm swing in children 
with USCP. Children were unable to consistently swing their arms when the LE were involved 
compared to when the UE were the only focus of attention.  
 When asked to march in-place, the children were consequently required to accomplish a 
certain amount of dynamic balance control throughout the performance, which may have also 
impacted stability since children with USCP experience difficulty with dynamic balance. Hsue, 
Miller, and Su (2009) illustrated this difficulty during walking. Since children have had mass 
practice from the time they began walking, it can be considered an intrinsic task because it has 
already been learned and does not require much cognitive effort to perform (Zanone & Kelso, 
1992). Marching in-place, however, was generally novel to most participants (especially with 
symmetric arm swing). For that reason, remaining balanced during the performance of this task 
was more difficult for a population with dynamic balance difficulties. This is also reflected in the 
fact that, due to impaired postural control, children with CP have difficulty organizing 
anticipatory postural adjustments (APAs) generated by the central nervous system to counteract 
the expected mechanical effects of a perturbation (Girolami et al., 2011). Since APA magnitude 
is scaled to perturbation magnitude (Aruin & Latash, 1996), and therefore slower arm 
movements produce smaller perturbations (Horak et al., 1984; Lee et al., 1987), children with 
USCP may have slowed their arm swing during the in-place marching with symmetric arm swing 
task compared to standing in an attempt to reduce the perturbation and remain balanced. 
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Therefore, adhering to the task, in which they were successful according to the behavioral 
coding, while remaining balanced may have played a role in the decreased stability during in-
place marching compared to standing.   
 While stability (e.g. DP) was poor during the in-place marching compared to standing 
tasks, the arm swing variability (e.g. CV of arm swing) of each arm was higher during the 
standing compared to the in-place marching tasks for both the symmetric and asymmetric 
patterns. However, this may be related to the larger MA and LA arm amplitudes observed during 
standing versus in-place marching, with the LA arm indicating significance. Therefore, increased 
variability may represent arm movement flexibility during standing conditions, since variability 
reflects multiple movement options and thus the possible behavioral repertoire (Harborne & 
Stergiou, 2009). Higher variability and significantly larger amplitude was also seen in the TDC 
during the standing with asymmetric arm swing task compared to the children with USCP. 
Children were able to explore their potential movements during the easier standing tasks, thereby 
increasing arm swing variability (Li et al., 2005). Variability, however, is not to be confused with 
stability. Variability emerges from the multiple df inherent in the motor system and is 
responsible for the system’s plasticity (Bernstein, 1967), while stability represents the system’s 
ability to offset a perturbation (Li et al., 2005). Therefore, variability and stability represent 
different properties in the motor control processes.     
iv. Qualitative Behavioral Coding Contributions and Relationship to 
Quantitative Analysis  
 Task appropriateness was indicated by all groups showing >90% task adherence. Since 
group differences and coordination improvements were evident, the tasks clearly met the 
requirement of being complex enough to illustrate true coordination and stability, yet simple 
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enough for all children to understand and perform correctly. These tasks were within the realm of 
movements performed during CIMT and HABIT, yet where somewhat novel. Most importantly, 
these tasks were not practiced during the interventions, in contrast to other gross motor activities 
such as walking.   
 While behavioral coding was beneficial in determining task adherence and predominant 
pattern duration, using it to define stability was not informative since it did not coincide with the 
quantitative analysis. Though behavioral coding indicated increased predominant pattern 
duration in three out of four tasks, quantification of stability via DP did not support these 
increases, which indicates that the relationship between limbs remained consistent throughout the 
trial. Thus, it does not matter if the child’s pattern changed to move the left arm forward instead 
of the right at some point during the task because quantification of coordination and stability 
relies solely on the movement relationship between the two limbs. If the limbs move in a way 
that allows for a similar phasing relationship, the direction of the movement of each arm is 
unimportant. It was initially thought that children would experience greater difficulty performing 
these tasks, specifically the in-place marching tasks. A potential correlation between the 
qualitative and quantitative analysis may be possible if more time was spent transitioning from a 
predominant to an unstable non-predominant pattern. However, this was not the case. In fact, 
analyses results were contradictory, as behavioral coding indicated an increase in predominant 
pattern (e.g. greater stability) during the in-place marching with asymmetric arm swing task 
while statistical analysis indicated a decrease in stability.  
Datavyu has been used extensively in typically developing toddlers (Rachwani et al., 
2015; Soska & Adolph, 2014; Comalli et al., 2016; Berger, Cunsolo, Ali, & Iverson, 2017) and 
minimally in children with CP and other disabilities (Santamaria et al., 2016; Lobo et al., 2015) 
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to determine onset and offset of specific movements, to code the presence or absence of specific 
behaviors, and to classify movement types. However, none have extrapolated this data to explain 
more than movement duration or movement type, unlike in this study where the duration of 
predominant pattern was interpreted to represent pattern stability. Previous literature simply 
reports the results and does not attempt to connect a coded variable (e.g. movement duration) to a 
different outcome measure (e.g. stability). Thus, Datavyu may be best used to record durations 
and frequencies of behavior only and the inability to further interpret coded behaviors may be a 
limitation of this analysis. Hence, qualitative behavioral coding may be insufficient and an 
inappropriate way to measure pattern stability in children with USCP. 
v. Differences between CIMT and HABIT 
 Previous literature evaluating gait inter-limb coordination reported no difference in 
pre/post changes in children with USCP after HABIT or CIMT (Sidiropoulos et al., Submitted). 
However, to be thorough, this study evaluated differences at pre-test and differences in the way 
in which the groups changed in RP and spatiotemporal variables after intervention. At pre-test, 
the HABIT group indicated lower stability between the MA arm and leg during in-place 
marching with asymmetric arm swing compared to the CIMT group. However, both groups 
decreased stability (DP increased by approximately 20° each) between these limbs after 
treatment. Thus, this single pre-test difference did not impact treatment results. The CIMT group 
had a larger change in stability, associated with improved stability, during the standing with 
asymmetric arm swing task compared to the HABIT group. All but one child in the CIMT group 
improved, while changes in children of the HABIT group varied. Though significant, it is 
difficult to make conclusions based these small group sizes. More data is necessary to determine 
if HABIT or CIMT have different effects on coordination and stability during a gross motor task.  
 87 
 
vi. Limitations and Future Considerations 
 Limitations of this study design include the lack of multiple baseline assessments or 
appropriate distribution of participants. In addition, the No-Treatment group was recruited and 
tested after the interventions occurred, causing a lack of randomization stratification. If stratified 
randomization was implemented, it could have prevented the imbalance between the Treatment 
and No-Treatment groups and within the Treatment (CIMT and HABIT) group. Furthermore, the 
power of this small sample may have been improved and subgroup analyses could have been 
performed. Though all children with USCP met the specified inclusion criteria, this may have led 
to the pre-test differences observed in some of the variables. Another limitation was the uneven 
number of children who participated in either HABIT or CIMT. Due to the small number of 
participants, the Treatment group combined the CIMT and HABIT groups, however this did not 
allow for proper evaluation of the effects of HABIT and CIMT individually. Since it is unknown 
if either intervention has a stronger impact on inter-limb coordination or stability during these 
gross motor tasks, future research should include independent groups of HABIT and CIMT.  
 Though the tasks used in this study were novel, not all may be considered functional. 
Specifically, the in-place marching with symmetric arm swing task was particularly less natural 
and perhaps slightly awkward to perform. Ideally, continuous inter-limb coordination and 
stability after an intervention would be evaluated under more functional conditions, however 
laboratory size restrictions led to the creation of the tasks implemented. In order to collect the 
ideal number of cycles per trial, in-place tasks were therefore necessary.  
 While the investigator marched with the children for motivational purposes and to 
promote continuous movement, it could be viewed as a limitation. The investigator mirrored the 
pace of each individual child, but the specific arm and leg movements were not mirrored. 
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Therefore, the child may have tried to move his/her extremities similar to the investigator instead 
of performing naturally. Use of the metronome may also be considered a limitation, since the 
majority of children followed the metronome, though it was not a requirement. If the child 
followed the beat, the matching pattern may have been artificial. If the child chose not to follow 
the metronome, the constant beat may have acted as a distraction. Future research could remove 
the metronome to determine if the auditory aspect affected performance.  
 Increased gross motor practice during UE interventions should also be considered for 
future studies, as this may yield greater improvements in continuous inter-limb coordination and 
stability. Interventions directed towards continuous use of both the UE and LEs, such as HABIT-
ILE (Hand Arm Bimanual Intensive Therapy Including the Lower Extremities), have reported 
improvements in UE clinical evaluations and also gross motor assessments including the 6-
minute walk test, ABILKIDS-LOCO, and the Pediatric Balance Scale in children with USCP and 
in children with bilateral CP (Bleyenheuft et al., 2014, 2017). While improvements between the 
arms were reported after the UE intensive intervention used in this study, improvements between 
the UE and LE would be expected after implementation of an intervention more task specific, 
such as HABIT-ILE. These results also imply that inclusion of more severely affected children, 
for whom inter-limb coordination is even more challenging, may also prove to be fruitful. If 
improvements are possible in the more severe subtypes of CP, their ability to actively participate 
in community activities could increase, since a common cyclical gross motor movement for 
disabled individuals is the use of a manual wheelchair. Since continuous inter-limb coordination 
is important for many activities of daily living and athletics (Swinnen, Jardin, Meulenbroek, 
Dounskaia, & Brandt, 1997; Jantzem, Oullier, & Kelso, 2008) and improvements in this type of 
coordination can enhance both social aspects and quality of life (Mei et al., 2015), future 
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research should use continuous tasks and analyses to measure the coordination and stability of 
motor patterns in these children. This suggestion is supported by the findings of this study, as 
they illustrate the heightened sensitivity of continuous measures to inter-limb coordination and 
stability of both typically and atypically developing children. 
vii. Conclusion 
 This study used a new approach to evaluate coordination and stability in children with 
USCP and TDC, in which continuous measures of RP were applied to continuous gross motor 
tasks. Previous research has attempted to understand bimanual coordination in these populations 
within the context of discrete tasks and spatiotemporal variables. This study’s approach was 
successful in determining the differences in coordination and stability between children with 
USCP and TDC and if these parameters can be improved within a pathological population after 
intensive UE intervention. It was shown that children with USCP have a lower level of 
coordination compared to TDC, however inter-limb coordination can be improved with CIMT or 
HABIT. Improvements in continuous inter-limb coordination may have functional implications 
including better motor performance during continuous gross motor tasks such as walking, 
running, swimming, and other types of coordinated gross motor movements performed during 
other activities of daily living. Further improvement in coordination may be observed if more 
continuous gross motor tasks are included during CIMT and HABIT. Improvements in both 
inter-limb coordination and stability could increase functional independence, the ability to 
perform activities of daily living, and participation of children with USCP in more sport and 
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Sample Size Calculation Based on Pilot Data 
 The primary variables of interest were MARP and DP at pre- and post-test of the arms 
during all tasks and the more affected (MA) arm with both the MA and less affected (LA) leg 
during the in-place marching with asymmetric arm swing task. SPSS (IBM Statistics 24.0, IBM 
Corporation) was used to perform repeated measures analysis of variance (ANOVA) using pilot 
data of three children in the Treatment group and three children in the No-Treatment group. 
These data were entered into G*Power to determine the required sample size. Procedures using 
G*Power involve input of specific variables calculated from SPSS (effect size and correlation 
among repeated measures) and those determined by the researcher to dictate the dimensions of 
the research design (significance level (alpha), error probability (power), and number of 
measurements). For example, for MARP between the arms during the standing with symmetric 
arm swing task, using an effect size of f = 1.02, α = 0.05, 1-β = 0.8, number of groups = 2, 
number of measurements = 2, and a correlation among the repeated measures = 0.77, a total of 4 
participants was required (2 per group). For DP between the arms during the same task, using an 
effect size of f = 0.60, α = 0.05, 1-β = 0.8, number of groups = 2, number of measurements = 2, 
and a correlation among the repeated measures = 0.65, a total of 8 participants was required (4 
per group). Table 2 provides sample size calculation for all measures used in this repeated 





Sample Size Calculations from the Repeated Measures ANOVA of Pilot Data of Three Children 


















MARP 1.03 0.05 0.8 2 0.78 4 2 





MARP 0.61 0.05 0.8 2 0.65 8 4 





MARP 0.24 0.05 0.8 2 0.91 10 5 





MARP 3.22 0.05 0.8 2 0.95 4 2 




MA Arm-MA Leg 
MARP 3.87 0.05 0.8 2 0.59 4 2 




MA Arm-LA Leg 
MARP 1.82 0.05 0.8 2 0.19 4 2 




LA Arm-LA Leg 
MARP 0.02 0.05 0.8 2 0.51 5938 2969 
DP 4.12 0.05 0.8 2 0.15 4 2 






LA Arm-MA Leg 
DP 0.82 0.05 0.8 2 0.13 8 4 
Note: Task (task performed), outcome measure (MARP: Mean Absolute Relative Phase, DP: 
Deviation Phase), ES (Effect Size), α (alpha, significance level), 1-β (desired power and error 
probability), # of measurements (refers to pre- and post-test), Correlation (correlation among 
repeated measures), Total sample size (total size of sample needed to reach specified inputs), 
Subjects per group (number of participants needed per group (treatment and no-treatment) to 




 It is important to note the high number of participants required for DP between the MA 
arm and LA leg during in-place marching with asymmetric arm swing. A total of 156 
participants was required (78 per group). This indicated that a change in stability during this task 
would not be evident. This may be due to the ability of the LA leg to compensate for the poorer 
stability of the MA arm during this task. Therefore, this sample size calculation was not taken 
into consideration.  
 MARP and DP at pre- and post-test of the LA arm and leg, and the LA arm and MA leg 
were considered secondary variables because they were not expected to change at post-test. For 
MARP between the LA arm and leg, a total of 5938 participants was required (2969 per group). 
This supports the lack of expected change in MARP between the LA arm and leg, neither of 
which were targeted during treatment. For MARP between the LA arm and MA leg, a total of 
174 participants were required (87 per group). A change in these variables was not expected, as 
the treatments targeted the MA arm. This was supported by the pilot data. Therefore, a change in 
the way in which the LA arm coordinates with the lower extremities was not of interest and these 
sample size calculations were not considered.  
 The highest number of participants required per group for the comparison between the 
Treatment and No-Treatment group, five, was determined by MARP between the arms during 
the in-place marching with symmetric arm swing task. Due to the common 20% drop-out rate, 
we aimed to collect seven children each for the Treatment and No-Treatment groups to reach the 
five participants required per group. 
 Pre-test differences in MARP and DP between the typically developing children (TDC) 
and children with USCP during the standing with asymmetric arm swing task were evaluated to 
illustrate the coordinative deficit of children with USCP compared to TDC during a continuous 
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gross motor task. MARP and DP during the standing with symmetric arm swing task were not 
compared between groups since no differences were expected due to ease of task (Baldiserra et 
al., 1982; Lee et al., 1995). A t-test of independent samples was used to determine pre-test 
differences between children with USCP and TDC. For MARP between the arms during standing 
with asymmetric arm swing, using an effect size of f = 1.80, α = 0.05, 1-β = 0.8, number of 
groups = 2, a total of 12 participants was required (6 per group). DP of this task, using an effect 
size of f = 0.95, α = 0.05, 1-β = 0.8, number of groups = 2, required a total of 38 participants (19 
per group). However, this large number may be due to the higher than expected DP associated 
with the TDC (e.g. ~20 times that of a healthy adult). Due to the unexpected similarity in DP 
between children with USCP and TDC, this estimation was not considered.  
 Though the highest number of participants required per group for the comparison 
between the Treatment and No-Treatment group was five, the comparison of MARP between the 
arms during standing with asymmetric arm swing of children with USCP to TDC required six 
participants per group. Therefore, this comparison delineated the sample size required. To be as 
conservative as possible and take into account the typical 20% drop-out rate, we attempted to 





Meeting the Assumptions of Normality and Homogeneity of Variance 
        Normality of the data was evaluated using the Kolmogorov-Smirnov test, which indicated 
that seven out of the 12 variables were not normally distributed at pre-test (p<0.05). These 
variables included 1) DP of the arms during in-place marching with asymmetric arm swing, 2) 
DP of the more affected (MA) arm and less affected leg (LA) during in-place marching with 
asymmetric arm swing, 3) MARP of the arms during in-place marching with symmetric arm 
swing, 4) DP of the arms during in-place marching with symmetric arm swing, 5) DP of the arms 
during standing with asymmetric arm swing, 6) DP of the arms during standing with symmetric 
arm swing, and 7) MARP of the arms during standing with symmetric arm swing. Of these 
variables, only DP of the arms during standing with symmetric arm swing met the accepted 
standard for normality dependent upon skewness and the associated standard error (e.g. the 
skewness of the variable equals less than double the associated standard error). To correct for 
normality, all other non-normally distributed variables were transformed using the log base 10 
transformation. Both pre-test and post-test values were transformed for each variable if the pre-
test values were not normally distributed. After transformation, some variables still did not meet 
normality as indicated by a p-value larger than 0.05 associated with the Kolmogorov-Smirnov 
test. At this point, the variables were examined by individual group, creating 36 variables. The 
variables that still did not meet the criteria for normality included 1) MARP of the MA arm and 
LA leg during in-place marching with asymmetric arm swing for both the No-Treatment group 
and the Typically Developing group, 2) MARP of the MA arm and MA leg for the Typically 
Developing group, 3) MARP of the arms during in-place marching with symmetric arm swing 
for the Typically Developing group, 4) DP of the arms during standing with asymmetric arm 
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swing for the No-Treatment group, and 5) DP of the arms during standing with symmetric arm 
swing for the Typically Developing group. All variables met the accepted standard (e.g. the 
skewness of the variable equaled less than double the associated standard error), with the 
exception of MARP of the MA arm and LA leg during in-place marching with asymmetric arm 
swing for the No-Treatment group (did not meet the standard by 0.56 and had a p-value of 0.03 
for the Kolmogorov-Smirnov test). Hence, 35 out of 36 total variables met the standards for 
normality and no further transformations were executed. While meeting the assumption of 
normality is a priority, previous literature has demonstrated the robustness of the analysis of 
variance under application of non-normally distributed data (Schmider et al., 2010). Schmider 
and colleagues (2010) used a high-quality number generator to investigate the robustness of 
analysis of variance against violations of the assumption of normality with equal groups and 
determined that both alpha and beta remained constant under application of non-normal 
distributions, providing strong support for the robustness of the analysis. Pearson (1929, 1931) 
also demonstrated compelling findings of the robustness of the analysis of variance, specifically 
indicating that equal numbers of observations tend to diminish the effects of non-normality. 
        Residuals of the variables were also tested for normality. All residuals indicated non-
significant values associated with the Kolmogorov-Smirnov test, except for MARP of the MA 
arm and LA leg during in-place marching with asymmetric arm swing and DP of the arms during 
standing with asymmetric arm swing, both for the No-Treatment group. Of these two variables, 
DP of the arms during standing with asymmetric arm swing met the standard of the skewness 
being less than double the value of the standard error, while MARP of the MA arm and LA leg 
during in-place marching with asymmetric arm swing did not. Skewness, which was the reason 
for the non-normal distribution of this data, has been shown to have very little effect on either the 
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level of significance or the power of the analysis of variance model (Glass et al., 1972). 
Additionally, Games and Lucas (1966) reported an empirical investigation that showed that 
moderate departures from normality had no effect of practical importance on the power of the 
analysis of variance, specifically when the populations were non-normal in the same way, which 
was the case in these data. Thus, since 34 out of 36 total variables and 35 out of 36 residuals 
either did not reach significance for the Kolmogorov-Smirnov test and/or met the standard 
associated with skewness and the standard error, these data were accepted as adequately meeting 
the assumptions of normality. 
        The assumption of homogeneity of variance was evaluated using Levene’s test. To satisfy 
the first aim, variance of all children with USCP in this study (both the Treatment and the No-
Treatment groups) was compared to the Typically Developing group at pre-test. Results of 
Levene’s test specified that five out of 12 variables indicated unequal variances. These variables 
included 1) MARP of the arms during in-place marching with asymmetric arm swing, 2) MARP 
of the arms during in-place marching with symmetric arm swing, 3) DP of the arms during in-
place marching with symmetric arm swing, 4) MARP of the arms during standing with 
asymmetric arm swing, and 5) DP of the arms during standing with symmetric arm swing. Thus, 
the p-values associated with the t-statistic of equal variances not assumed were used to evaluate 
differences between the children with USCP and typically developing children for these 
variables for Aim 1. Because Aim 2 compared the same group to itself (e.g. children with USCP 
standing vs. in-place marching), homogeneity of variance was irrelevant. To satisfy the 
assumption of homogeneity of variance associated with the comparisons between the Treatment 
and No-Treatment groups being made in the third and fourth aims, Levene’s test was run 
between the groups. Results indicated that only one variable, DP of the arms during in-place 
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marching with asymmetric arm swing, indicated a significant p-value associated with Levene’s 
test. While there is an additive effect when both the normality and homogeneity of variance 
assumptions are not met, the power of the F-test is unchanged when only one assumption is not 
met and the number of participants in the groups are equal (Glass et al., 1972). The two variables 
that did not meet the assumption of normality were not the same variables as those that did not 
meet the assumption of homogeneity of variance in this data set and equal groups were used in 
this analysis. Additionally, both Donaldson (1968) and Horsnell (1953) showed that 
heterogeneous variance did not affect the overall power of the F-test in their statistical 
simulations. Their conclusions were carefully drawn and supported by mathematical argument 
(Donaldson, 1968; Horsnell, 1953). Thus, since 11 out of 12 variables met the standard, these 
data were accepted as adequately meeting the assumptions of homogeneity. 
 Given the non-normality of the data, non-parametric analyses, including the Mann-
Whitney U test for Aim 1 and the Wilcoxon Signed-Rank test for Aims 2-4 were also performed 
for all variables. Out of the 30 comparisons, no differences between the parametric and non-
parametric statistical outputs were noted, with the exception of one variable in Aim 3 
(coordination between the arms during standing with asymmetric arm swing) that indicated a 
change in the Treatment group in the non-parametric test and no change in the parametric test. 
However, these analyses generally confirm that the normality of data was not of major issue, and 
thus only the parametric tests will be reported. Tables 1, 2, and 3 show the differences between 




Differences between Parametric and Non-Parametric Statistics Associated with Aim 1 
 
  MARP DP 
Standing with Asymmetric Arm Swing  
Typically Developing  161.70(2.31) 55.09(11.71) 
USCP 120.12(7.31) 50.93(9.12) 
T-Test 0.000013 0.81 
Mann-Whitney U Test 0.001 0.67 





Differences between Parametric and Non-Parametric Statistics Associated with Aim 2 
  USCP Typically Developing 
 MARP DP MARP DP 
In-Place Marching with 
Asymmetric Arm Swing 
123.93(5.57) 52.32(7.64) 155.60(3.32) 50.94(12.87) 
Standing with Asymmetric 
Arm Swing 
120.12(7.31) 50.93(9.12) 161.70(2.31) 55.09(11.71) 
T-Test 0.57 0.57 0.13 0.78 
Wilcoxon Signed Rank Test 0.45 0.55 0.21 0.42 
In-Place Marching with 
Symmetric Arm Swing 
42.96(5.71) 37.20(6.62) 10.62(0.93) 8.18(1.36) 
Standing with Symmetric 
Arm Swing 
19.49(2.93) 17.60(2.42) 5.88(0.95) 6.83(1.49) 
T-Test 0.000004 0.000001 0.000189 0.25 
Wilcoxon Signed Rank Test 0.00019 0.01 0.003 0.29 










Differences between Parametric and Non-Parametric Statistics Associated with Aims 3 and 4 
 MARP     DP     
 Pre-Test Post-Test ANOVA Wilcoxon Pre-Test Post-Test ANOVA Wilcoxon 
In-Place Marching with Asymmetric Arm Swing p-value p-value   p-value p-value 
Arms         
Treatment 112.26(7.51) 108.78(8.55) 
0.24 
0.72 50.26(10.09) 42.22(6.99) 
0.42 
0.79 
No-Treatment 135.59(6.83) 110.25(14.57) 0.16 54.38(11.94) 31.56(9.08) 0.09 
More Affected Arm and More Affected Leg       
Treatment 98.33(8.14) 103.28(5.05) 
0.63 
0.93 49.86(7.78) 69.77(9.18) 
0.04 
0.21 
No-Treatment 113.84(7.60) 114.76(9.71) 0.93 52.35(6.99) 43.137(7.20) 0.21 
More Affected Arm and Less Affected Leg       
Treatment 76.29(6.28) 76.64(4.71) 
0.47 
0.42 56.52(6.36) 59.85(8.29) 
0.79 
0.93 
No-Treatment 66.07(9.14) 74.43(10.02) 0.42 45.837(6.17) 45.398(4.14) 0.86 
In-Place Marching with Symmetric Arm Swing      
Arms         
Treatment 56.73(6.83) 40.49(7.89) 
0.02 
0.02 48.53(10.54) 41.28(8.52) 
0.57 
0.86 
No-Treatment 29.18(7.24) 32.36(8.98) 0.53 25.87(6.87) 28.92(7.40) 0.59 
Standing with Asymmetric Arm Swing       
Arms         
Treatment 99.18(10.08) 122.68(6.12) 
0.06 
0.01 75.67(13.09) 72.53(12.02) 
0.22 
0.42 
No-Treatment 141.07(5.92) 143.89(6.87) 0.29 26.19(7.44) 46.58(13.65) 0.37 
Standing with Symmetric Arm Swing       
Arms         
Treatment 22.83(4.27) 24.19(3.08) 
0.38 
0.25 21.06(3.93) 21.55(3.99) 
0.99 
0.86 
No-Treatment 16.16(3.97) 17.16(5.07) 0.79 14.15(2.60) 14.72(4.74) 0.59 
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I. Introduction  
 Cerebral palsy (CP) is a neurodevelopmental disorder caused by a brain lesion resulting 
in poor coordination and motor control deficits (Bax, Goldstein, Rosenbaum, Leviton, & Paneth, 
2005). With an incidence rate of 2.11 cases per 1000 births, CP is the most common pediatric 
physical disability (Oskoui, Coutinho, Dykeman, Jette, & Pringsheim, 2013). CP has been 
characterized into various subtypes (e.g. hemiplegia and diplegia) based on the topography of 
affected limbs. Children with hemiplegia are characterized by impaired movement coordination 
and muscle tone regulation affecting motor function of the upper and lower extremities on one 
side of the body (Bax et al., 2005). Children diagnosed with diplegia show bilateral involvement, 
with the lower extremities (LE) usually more severely affected than the upper extremities (UE) 
(Romkes et al., 2007). Both subtypes of CP begin walking at a later age (Prosser, Ohlrich, 
Curatalo, Alter, & Damiano, 2012) and also demonstrate poor inter-limb coordination compared 
to typically developing children (TDC) during many different activities ranging from walking to 
bimanual reaching (Hung et al., 2004; Ju, You, & Cherng, 2010; Meyns et al., 2012a). These 
deficits impact the functional independence and quality of life of these children, since many 
tasks associated with daily living require inter-limb coordination (Swinnen & Wenderoth, 2004).   
 The coordinative relationships between moving limbs are a functional outcome that meet 
the constraints specific to an individual (Kurz & Stergiou, 2004). These constraints include the 
characteristics of the environmental conditions, the task demands, and the action capabilities of 
the individual (Magill & Anderson, 2014; Holt, Fonesca, & LaFiandra, 2000). Basic principles of 
coordination have been observed in healthy populations, which indicate greater intrinsic 
coordinative ability associated with homologous limbs compared to non-homologous limbs 
 112 
 
(Serrien & Swinnen, 1998) and limb movement in the same direction at the same time 
representing the preferred mode (Lee et al., 1995). However, the latter statement does not apply 
to walking.  
 Gait patterns are characterized by alternating movements of the limbs, which suggests 
that the principles of inter-limb coordination cannot be inferred from the laws of single-limb 
movements (Swinnen, 2002). Inter-limb coordination is unique in that both temporal and spatial 
parameters impel coordination of the limbs during a movement. Despite the many gait studies 
focusing on walking in children with CP that have shown that these children have a slower 
walking velocity, shorter stride length, longer stride time, higher cadence, lower single support 
percentage, and higher double support percentage compared to TDC (Damiano & Abel, 1996; 
Norlin, 1986), little is known about the gait inter-limb coordinative abilities of this population. 
Yet, inter-limb coordination has been noted as the focal point for gait adaptation since intra-limb 
coordination is more stable than inter-limb (Haddad, van Emmerik, Whittlesey, & Hamill, 2006). 
This highlights the necessity to fill this gap in the literature. The emphasis on inter-limb 
coordination is supported by agreement with previous literature focusing on both adult and 
developmental studies that indicate a greater tendency for people to make gait adaptations via 
inter-limb as opposed to intra-limb coordination (Whitall & Caldwell, 1992). Therefore, this 
review will focus on gait inter-limb coordination in children with CP.   
II. Inter-limb Coordination of the UE and its Impact on Gait Patterns 
Continuous coordination is the movement relationship between joints or body limb 
segments (Magill & Anderson, 2014). It is important to note that continuous inter-limb 
coordination differs from discrete coordination, which is most often reported using basic 
spatiotemporal measures (Kim & Son, 2014). Discrete coordination refers to the coupling of 
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different components during a task with a fixed beginning and end, measures the tendency of 
synchronization, and is usually measured at the peak of a movement at a given time (Schoner, 
1990; Olney & Richards, 1996). Continuous movement coordination, however, measures the 
movement relationship between limbs throughout a cyclical movement (Magill & Anderson, 
2000; Holt et al., 2000). Scholz and Kelso (1990) have previously described how locomotion is a 
rhythmically coordinated pattern that uses various anatomical structures and neural mechanisms. 
Since principles of coordination may be within the level of the patterns, a focus on patterns may 
provide an understanding of biological coordination (Scholz & Kelso, 1990). However, these 
patterns can change based on internal constraints, such as neurological pathology, or external 
constraints, such as walking on a slippery surface (Haddad et al., 2006).  
Though continuous coordination is utilized during walking, it is necessary to also include 
discrete coordination in this review due to limited literature focusing on continuous gait inter-
limb coordination in children with CP. Since the UE are involved in gait inter-limb coordination 
and it is well established that they are vital for appropriate gait patterns (Meyns, Brujin, & 
Duysens, 2013), an understanding of how the UE coordinate with one another independently of 
the LE may aid in the understanding of how they coordinate with the LE as well. Specifically, 
the importance of UE involvement in gait inter-limb coordination is supported by stability of the 
gait pattern being hindered when children with CP walk at both comfortable and fast speeds with 
restrained arms, as children compensate by increasing step width (e.g. increasing the base of 
support) (Delabatista et al., 2016). This explains that the overall gait pattern, specifically in 
children with CP, can change based on the movement of the UE.  
Patterns linking movements of one arm to another is a phenomenon that has been 
explored within motor control processes during discrete and continuous tasks in both healthy and 
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pathologic populations. Healthy individuals will move their right and left arms differently 
depending on whether the movement is unimanual, utilizing only one arm at a time, or bimanual 
(e.g. both arms executing a task at the same time). This has been demonstrated by healthy adults 
moving one index finger a long distance to a small target and moving the other index finger a 
short distance to a larger target. Movements initiated and performed simultaneously during 
bimanual performance of this discrete task had a movement duration strikingly different from 
movements performed in isolation (Kelso, Southard, & Goodman, 1979). This tendency to link 
the limbs together has also been observed in TDC during a continuous movement task. Faggard 
(1987) trained children ranging in ages from five to nine years old to perform a bimanual task 
that required continuous rotation of two cranks either simultaneously or at different velocities, in 
the same or in opposite directions, to produce two drawn lines. Children performed much better 
for all movement conditions requiring the two hands to rotate at the same velocity and in the 
same direction compared to when rotations occurred at differing velocities and directions. The 
difference between moving in the same and opposite directions during such a task may due to the 
tasks characteristics, which require the production of different spatial and temporal relationships 
between the arms. These requirements compel the child to overcome some constraints to create a 
new pattern, which is more difficult than utilizing a pattern in which one is already proficient 
(Faggard, 1987).  
In children with hemiplegic CP, the performance characteristics of reaching movements 
are drastically different between the more and less affected arms (Ricken, Bennett, & 
Savelsbergh, 2005). However, these differences can decrease or even disappear when the arms 
move together during a task (Steenbergen, 1996). Differences in individual performance of each 
hand during a reaching and grasping task with high speed and accuracy demands include longer 
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reaction and movement time of the more affected (MA) hand compared to the less affected (LA) 
hand. However, during bimanual movements, movements of the LA hand are initiated more 
slowly and a lengthening of the reaction time occurs. The LA hand “waits” for the MA hand 
before executing the final stage of the movement during a bimanual task, illustrating high inter-
limb coordination between the arms (Steenberg et al., 2000). Children with diplegia do not incur 
the same difficulties with reaching as children with hemiplegia, but they do display insufficient 
control of reaching in terms of less force production, less coordinated movements, and less 
efficiency of hand transportation toward targets (Ju, You, & Cherng, 2010).  
Just as the UE are linked together during both discrete and continuous tasks, this 
tendency can also be extended to coupling between the arms and legs. Coupling between the UE 
and LE during walking is commonly evaluated using the arm swing to stride ratio (e.g. number 
of arms swing per stride on the same side of the body). When walking at self-selected, 
comfortable speeds (e.g. velocities greater than 0.80 m/s), TDC indicate an arm swing to stride 
ratio of 1:1 (Donker, Beek, Wagenaar, & Mulder, 2001; Wagenaar & van Emmerik, 1994). At 
slower velocities, the ratio changes to 2:1 (Emmerik, Wagenaar, & Wegen, 1998; Wagenaar & 
van Emmerik, 2000). In children with hemiplegic CP, the ratio of 2:1 persists for the MA arm at 
faster speeds (Meyns et al., 2012). Furthermore, the ratio of the arms may be different, as the LA 
arm may swing at a 1:1 ratio, while the MA arm swings at a 2:1 ratio. Children with diplegia 
show a 2:1 ratio on both sides of the body, regardless of walking velocity (Meyns et al., 2012). 
With the use of the arm swing to stride ratio as the determinant of inter-limb coordination during 
walking, it is clear that children with CP have a lower level of coordination compared to TDC. 
While the information gained from the studies discussed above is vital to the understanding of 
how children with CP coordinate their limbs, all of the studies are focused on spatiotemporal 
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aspects of coordination. However, by using continuous measures to quantify coordination, one 
can assess an entire movement cycle as opposed to specific time points during the movement.  
III. Coordinative Phasing Relationships of the UE and LE during Gait  
Phasing relationships are evaluated as being in-phase (e.g. limbs move in the same 
direction at the same time) or anti-phase (e.g. limbs move at the same time, but in opposite 
directions of one another), are measured in degrees, and range from 0° (perfectly in-phase) to 
180° (perfectly anti-phase) (Haken, Kelso, & Bunz, 1985). During walking in TDC, the UE are 
highly coordinated and have an anti-phase relationship. Interestingly, there is no difference in the 
phasing relationship between the arms of TDC and children with diplegia during walking, which 
infers that the legs limit the coordinative abilities of these children more than any other limb 
(Meyns et al., 2012). 
While children with diplegia demonstrate a similar anti-phase relationship of the arms 
compared to TDC, children with hemiplegia have a less coordinated pattern and the relationship 
is not as anti-phase as either the TDC or children with diplegia. The difference in arm phasing 
relationship in children with hemiplegia is most likely due to the difference in movement of the 
MA and LA arms of this population. Children with hemiplegia swing their LA arm sometimes 
more than twice as much as they do their MA arm during walking (Meyns et al., 2012). This 
exaggerated arm swing of the LA arm is a compensation for the MA arm, used to minimize the 
rotation of the trunk that is produced by the asymmetrical movements of the legs (Hamill et al., 
1999; Park, 2008). This compensation leads to an unstable phasing relationship whenever the 
MA arm is included in the pair of limbs evaluated. The stability of the phasing relationships of 
children with diplegia are also influenced by the compensating limbs (e.g. arms), which indicates 
that the LA limbs determine the stability and the MA limbs modify the phasing relationships.  
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The relationship between the LE is very similar to that of the UEs during walking, as the 
phasing relationship of the legs is also characterized as anti-phase. However, the legs have a 
more anti-phase relationship than the arms during gait. In comparison to TDC, children with CP 
move their legs in a less anti-phase pattern (Meyns et al., 2012). During comfortable walking 
speed, the UE and LE ipsilateral limbs also have an anti-phase relationship while contralateral 
limbs reflect an in-phase coordinative pattern (Meyns, Desloovere, Molenaers, Swinnen, & 
Duysens, 2013). The phasing relationship of ipsilateral limbs of TDC and children with 
hemiplegia are the same for both the MA and LA sides. However, children with diplegia indicate 
a less anti-phase relationship between both pairs of ipsilateral limbs compared to TDC and 
children with hemiplegia. While the LA arm and MA leg of children with CP show a less in-
phase relationship compared to TDC, there is no difference between the other pair of 
contralateral limbs (Meyns et al., 2012). Interestingly, these patterns remain the same during 
faster speeds and during backwards walking as well (Meyns et al., 2013).    
IV. Relationship between Improved UE Function and Gait Inter-Limb Coordination 
Improved UE function may affect coordination between the UE and LE, as previous 
research has shown that UE movements can elicit appropriately coordinated, reciprocal 
excitation in the muscles of the LE in healthy adults (Ferris et al., 2006). With use of a 
recumbent stepper, it was shown that while actively stepping with the arms with progressive 
resistance, increased muscle activity from the legs was observed in a coordinated manner (e.g. as 
if stepping on the ground). Furthermore, increased frequency of reciprocal muscle activation in 
the legs was also associated with the increased frequency of the arms. Therefore, arm movements 
can drive leg movements in a coordinated fashion. This may imply that if arm swing movements 
change after an UE intervention, leg movements may also change as well.   
 118 
 
Training the MA limb to match patterns more similar to TDC during walking may lead to 
a higher quality gait pattern, since the compensation of the LA arm can then be decreased 
(Meyns et al., 2012a). However, this training of the MA arm and the repercussions of the 
potential improvements on inter-limb coordination during gait have yet to be implemented and 
evaluated. In this population, it is obvious that the MA arm impacts the movements of the LA 
arm (Steenbergen et al., 1996, Steenbergen, van Thiel, Hulstijn, & Meulenbroek, 2000; Sugden 
& Utley, 1995), however it has not been determined if movement patterns of the UE can have a 
direct impact on the LE. While not quite accomplishing this goal due to lack of measurement of 
the arms during gait, two studies have evaluated the effects of improved movement patterns of 
the UE on patterns of the LE. Coker, Karakostas, Dodds, and Hsiang (2010) and Zipp and 
Winning (2014) showed that basic spatiotemporal parameters of gait, such as gait speed, base of 
support, percent of single and double support of the gait cycle, and cadence, improve after 
children with hemiplegic CP participate in unimanual interventions. Though it has been 
previously shown that unimanual and bimanual UE interventions can improve movement 
patterns of the MA arm (Gordon et al., 2011; Hung, Casertano, Hillman, & Gordon, 2011), the 
results of these studies add that LE patterns are also altered as a result of this improvement. 
However, a major limitation of both studies was the lack of measurement of the UE and the lack 
of evaluation of the relationship between the UE and LEs. To date, there are no studies that have 
utilized bimanual UE interventions in children with hemiplegia or either intervention in children 
with diplegia to evaluate the potential impact on gait. Therefore, a gap in the literature remains, 
as it is still unknown how the coordinative relationships between the UE and LEs change during 
a complex task, such as gait, after improved function of the MA arm in children with CP. 
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V. Discrepancies between Methodologies Used to Evaluate Inter-Limb 
Coordination (Spatiotemporal vs Relative Phase) 
 The way in which coordination is analyzed is important to its interpretation and future 
application. Major differences exist between a point-relationship of coordination and a 
continuous relationship between the extremities during walking (Clark et al., 1990). While point 
coordination may illustrate an anti-phase relationship of 180-degrees between the LE at footfall, 
measurement of the continuous relationship throughout the gait cycle shows that this perfect 
anti-phase relationship does not hold. Instead, when segment trajectories are plotted and segment 
relationships are calculated at different time points throughout the cycle, different phasing 
relationships are obtained throughout the movement. Therefore, point coordination analysis is 
not appropriate for depicting the continuous nature of the relationship between the legs during 
walking. By using continuous measures of dynamic systems, coordination is measured over the 
entirety of the gait cycle, allowing the study of the evolution of the cycle over time. Measures of 
continuous coordination are more revealing, as they illustrate a dynamic, emergent view of 
coordination of the limbs that point coordination misses (Barela, Whithall, Black, & Clark, 
2000). 
Quantifying coordination continuously over the entirety of a movement is not easily done 
using spatiotemporal measures. Though spatiotemporal measurements are valuable in 
understanding inter-limb coordination, these measures typically provide information regarding 
individual limb patterns and lack information about the relationship between the limbs during the 
movement (Coker et al., 2010, Zipp & Winning, 2014). Consequently, spatiotemporal analysis 
may miss changes in patterns because it only analyzes a single point during the movement 
instead of the entire cycle. This type of analysis relies on conventional time-series presentations 
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that fail to reveal differences or direct relationships between velocity changes and positions 
(Davids, Galzier, Arauji, & Bartlett, 2003; Scholz, 1990). Additionally, spatiotemporal 
measurements may not be as sensitive to movement coordination as other analyses, such as 
relative phase analysis, which provides a low-dimensional term (e.g. phasing relationship) that 
incorporates two measures of movement (velocity and displacement) into one term (Kurz & 
Stergiou, 2004). Relative phase measures are more sensitive to detecting gait irregularities than 
spatiotemporal measures and detect changes at a greater resolution (Haddad et al., 2010).  
Due to the superior sensitivity, relative phase analysis provides more information about a 
moving segment than other traditional biomechanical measures, such as joint displacement. 
Walking abilities of both healthy adults and adults with hemiparesis are overestimated when 
analysis of knee joint displacement is used compared to when relative phase analysis is utilized 
(Barela et al., 2000). Displacement curves miss changes in stance coordination and differences in 
the advancement of the MA leg, both of which can be identified using relative phase analysis. 
This higher-grade quantification may be related to the fact that biological sensors within the 
muscles and joints utilize both velocity and displacement (Glass & Mackey, 1988, Kerz & 
Stergiou 2004). This helps to detect changes at each segment of a limb, compared to the changes 
only identified at the extremes with spatiotemporal analysis. Thus, when attempting to ascertain 
even subtle features of gait patterns, relative phase measures capture information that is not 
obtainable using basic spatiotemporal data. Furthermore, many human movements and behaviors 
are nonlinear, which suggests that to accurately interpret human movement, nonlinear analyses 
may be most appropriate (van Emmerik, Ducharme, Amando, & Hamill, 2016). Thus, relative 
phase analysis can provide a comprehensive kinematic description that may improve the 
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understanding of emergent behavior (Barela et al., 2000), which may be especially important 
when evaluating coordination of pathological populations such as children with CP.  
VI. Conclusions and Future Considerations 
 A purposeful, continuous over-ground walking task can provide information regarding 
how children with CP coordinate their limbs. When short, discrete tasks are used to evaluate 
inter-limb coordination, the system is not provided with enough time to settle into a preferred 
pattern of movement. Thus, the preferred state or pattern is rarely attained (Utley et al., 1998). 
Due to the difficulties children with CP experience during walking, understanding how they 
coordinate their limbs in a free environment may support improvements in coordination with 
appropriate therapy. Because the learning of new coordinative patterns evolves against pre-
existing coordination tendencies (Swinnen, 2002), researchers must ask how new patterns of 
neural excitation can be built. 
 Since there is limited research focusing on continuous inter-limb coordination children 
with CP, it is important to choose an appropriate task to obtain the most meaningful information. 
It is essential that the task is goal-directed, since motor performance is more precise and less 
variable if a task is functionally more relevant or meaningful to the child (Volman, Wijnroks, & 
Vermeer, 2002). Children also need to be able to move freely when evaluating coordination, 
especially since restricting movement imposes an additional constraint that affects their 
performance outcome (Steenbergen et al., 2002). Task context is also a major determinant in 
enhancing the quality of motor performance in participants with movement disabilities (Volman, 
Wijnroks, & Vermeer, 2002). For example, asking a child to walk to a specific location for a 
specific reason may extract a better motor performance than asking a child to simply walk 
without purpose. More complex tasks are also associated with stronger coupling compared to 
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simpler tasks because it provides more environmental cues and meaning of context to the 
children (Sugden & Utley, 1995). A complex task may also elicit greater motivation, since it can 
be considered more interesting and require more planning than other simple movements. To 
create a more complex gait task, researchers could manipulate environmental features such as 
distance, temporal demands, physical load, terrain, obstacles, and attentional demands 
(Shumway-Cook et al., 2009). It is important for researchers to choose a performance task that 
yields a meaningful outcome, as use of this type of task may help obtain the most accurate 
description of inter-limb coordination in this population. 
 Though walking is typically described as a movement of the legs, it requires coordination 
of the entire body. Arms and legs move collectively in an economical fashion to effectively 
advance the body through a dynamic environment. Swinging the arms efficiently aids in 
counteracting the forces put onto the body from both the external surroundings and also the 
forces created by the anti-phase relationship between the legs (Meyns et al., 2012). It is well 
established that the MA arm of children with hemiplegic CP impedes the movement of the LA 
arm during bimanual tasks (Steenbergen et al., 1996, 2000; Utley & Sugden, 1995). Intensive 
unimanual and bimanual UE therapy improves function of the MA arm (Gordon et al., 2011; 
Hung et al., 2011), which have a positive impact on spatiotemporal parameters of the LE during 
gait (Coker et al., 2010; Zipp & Winning, 2014). However, it is still unknown if isolated 
improvements in function the UE and LE carries over into the coordination between the 
contralateral or ipsilateral limbs. Improvements in gait inter-limb coordination in children with 
dipelgia is unknown, as no research has evaluated this topic to date. Since children with both 
hemiplegia and diplegia indicate deficits in inter-limb coordination during walking (Meyns et al., 
2012, 2013), future research should focus on better understanding their coordinative 
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shortcomings and the possibility of improving their gait inter-limb coordination with appropriate 
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Gait Inter-Limb Coordination in Children with Unilateral Spastic Cerebral Palsy after 
Intensive Upper Extremity Intervention 
I. INTRODUCTION 
 Cerebral palsy (CP), the most common childhood physical disability, describes a group of 
neurodevelopmental disorders attributed to non-progressive disturbances to the developing brain 
[1]. Unilateral spastic cerebral palsy (USCP), the most prevalent subtype, is characterized by 
impaired movement coordination andappendix d 
 muscle tone regulation, affecting upper (UE) and lower (LE) extremity motor function on one 
side [1]. These motor difficulties impact functional abilities, including gait [2,3]. Gait analysis in 
children with USCP has focused on the LE [4,5] with little attention paid to UE movement and 
how UE interventions influence gait [6,7].  
During normal walking arm swing is coupled with the contralateral LE stride [8]. 
Temporal synchronicity between contralateral limbs optimizes stability, decreases vertical 
angular momentum [9], and minimizes energy consumption [10]. This coupling has not been 
evaluated in children with USCP. The less affected (LA) arm of these children typically swings 
with increased amplitude compared to the more affected (MA) arm [2] to counteract heightened 
angular momentum produced by the legs [11]. The arm swing to stride ratio provides a simple 
approach to looking at coupling. This ratio is 1:1 at preferred and fast walking speeds (>0.80 
m/s) and 2:1 at slower velocities for typically developing children (TDC)[12]. In children with 
USCP, the 2:1 ratio persists for the MA arm at faster speeds, inducing a less stable gait pattern 
[12]. Principle Component Analysis (PCA)[13] provides a more discriminating approach to limb 
coupling than the arm swing to stride ratio, but has yet to be applied to this population.   
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To date, all therapies with sufficient evidence to support clinical implementation in 
USCP involve UE training [14]. Two motor learning based approaches appear beneficial for 
improving UE function. Constraint Induced Movement Therapy (CIMT) involves physical 
restraint of the LA arm with active training of the MA arm. Hand Arm Bimanual Intensive 
Therapy (HABIT) involves activities using both UEs. Both interventions effectively improve 
coordination and hand function in children with USCP [15], which may impact arm swing and 
result in gait pattern improvements as efficient gait necessitates effective arm swing. Previous 
studies suggest improvements in LE gait parameters after CIMT [6,7], yet coordination between 
the UE and LE after UE intervention is unknown. No studies have examined gait following 
HABIT.  
Improvements in UE and LE gait inter-limb coordination after UE intervention are 
expected for three reasons. First, if the biomechanics of the UE are changed after UE 
intervention, the biomechanics of the LE would consequently change to adhere to the new 
internal constraints [8]. This is supported by reports of changes in LE gait patterns when arm 
swing is manipulated in children with USCP [16]. Second, previous literature shows that UE 
movement can drive appropriately coordinated, reciprocal movement of the LE with central 
pattern generators of the spine [17]. Third, two studies have reported improvements in LE gait 
parameters after participation in CIMT in children with CP [6,7].  
The aim of this study was to assess the effect of UE interventions on coupling between 
UEs and LEs during walking. It was hypothesized that temporal synchronicity between 
contralateral limbs (e.g. time difference between peak forward arm swing and contralateral heel 
strike) would increase and arm swing to stride ratio would improve in children with a 2:1 ratio 
before intervention. Additionally, this study evaluated symmetry between the MA and LA UE 
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and LEs after UE intervention. It was also hypothesized that LE gait parameters would become 
closer to TDC values post-intervention. The CIMT group was meant to serve as the control 
group, as the HABIT group was expected to show greater improvements since HABIT and 
efficient, coordinated walking require concurrent movement of the UEs.  
II. METHODS 
i. Participants 
Twenty children with USCP, 6-17 years old (Table 1), were of a convenience sample 
recruited for the Teachers College (TC), Columbia University Center for Cerebral Palsy CIMT 
and HABIT camps as part of an ongoing trial (www.clinicaltrials.gov #NCT02918890). Children 
were recruited from the Center Website (http://www.tc.edu/centers/cit/), online support groups, 
and NYC clinics. Participants were screened via telephone/email and, if acceptable, invited to 
receive an on-site physical examination, or one videotaped by their physical/occupational 
therapist. Inclusion/exclusion criteria were based upon prior CIMT/HABIT trials [18,19]. 
Inclusion criteria included the ability to extend wrists >20° and metacarpophalangeal joints >10° 
from full flexion, lift the MA arm 15cm above a table and grasp light objects, >50% difference in 
the Jebsen-Taylor Test of Hand Function (JTTHF) score between hands and a MA hand time 
below the maximum, follow screening instructions, complete testing, and mainstreamed in 
school. Exclusion criteria included health problems unassociated with CP, current/untreated 
seizures, visual problems that would interfere with treatment/testing, severe muscle tone, 
orthopedic surgery on the MA extremities within the past year, botulinum toxin in the UE/LE 
within the past six months, and balance problems preventing sling wear. Caregivers provided 





 Children were randomized into two treatment groups (CIMT or HABIT) using concealed 
allocation stratified by age and JTTHF score. Interventions occurred in separate rooms where 
children received 90 hours of therapy (six hours/day, five days/week for three weeks) (see 
15,18,19 for details). Children worked one-on-one with trained interventionists. Therapy focused 
on the child’s interests, movement deficits, and improvement potential. Walking was never the 
focus, however, children walked short distances during daily activities including sports and 
restroom use. Caregivers engaged children in UE activities at home for one hour daily 
throughout camp.  
CIMT. CIMT was adapted to be child-friendly [18]. The LA hand was constrained using a cotton 
sling strapped to the child’s trunk with the end sewn shut, worn continuously during the camp 
except for restroom use. Children used the MA arm to perform fine- and gross-motor functional 
and game activities.  
HABIT. Children performed fine- and gross-motor bimanual activities chosen based on the MA 
arm’s role [19]. Complexity progressed from non-dominant passive assist to active manipulator. 
iii. Gait Analysis 
Data were collected pre- and post-intervention. Pre-testing occurred during the first or 
second day of camp and post-testing occurred during the second to last or last day. Children 
walked across an 8-meter walkway 10 times at a self-selected speed. Trials were recorded using 
an 8-camera 3D motion capture system (Vicon Workstation 612, Lake Forest, CA) with a Plug-
In-Gait marker application. Gait parameters during the middle 4-meters of the walkway were 
analyzed to discount acceleration and deceleration. The first three trials of unimpeded gait with 
visible markers were analyzed. Data were sampled at 120Hz and filtered using a low-pass 
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Butterworth filter with a cutoff frequency of 6Hz. Analysis utilized custom LabView 8.6 
software (National Instruments, Austin, TX). 
Primary outcome measures included temporal synchronicity of contralateral limbs, arm 
swing to stride ratio, and side and absolute symmetry ratio [20,21] for step length, swing time, 
stance time, and arm swing displacement. Side symmetry ratios divided values of the MA side 
by the LA side and absolute symmetry ratios divided smaller by larger values, regardless of side. 
Symmetry ratios were determined to be outside of TDC values if larger than 10% [22]. 
Secondary outcome measures included individual arm swing displacement and velocity [2], arm 
temporal synchronicity, limb coupling using PCA (e.g. percent variance explained by the first 
principal component), stance time, swing time, step length, single limb support percentage, 
cadence, and walking velocity. Clinical hand evaluations included the JTTHF, Box and Blocks 
(BB), Assisting Hand Assessment (AHA), and the ABILHAND-Kids. See Appendix A for 
details. 
iv. Statistical Analysis 
Data were analyzed using SPSS version 24 (SPSS, Chicago, Illinois). Initially we 
conducted 2(Group) x 2(Test Session) ANOVAs with repeated measures on test session. 
However, Kolmogorov-Smirnov tests determined data were not normally distributed for many 
measures. A log base 10 transformation left many variables still non-normally distributed. 
Therefore, Wilcoxon Signed Rank tests were conducted between pre- and post-intervention 
(median) data for all dependent variables, except for the arm swing to stride ratio which utilized 
McNemar’s test. McNemar’s test was also used to determine if children with values outside of 
two standard deviations (2SD) of age-matched TDC improved to be within 2SD at post-test 
[23,24]. While results were qualitatively similar regardless of statistical procedure (parametric or 
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non-parametric), we only report non-parametric tests. Median Absolute Deviation (MAD), a 
robust measure of central tendency immune to sample size [25], evaluated data dispersion. 
Mann-Whitney U Tests were used to determine group differences. Significance was set at 
p<0.05.  
III. RESULTS 
 Table 1 shows participant characteristics. There were no differences between groups from 
pre- to post-test for any measure (p>0.05 for all cases). Consequently, groups were collapsed for 
subsequent analyses. UE clinical evaluations including the AHA, BB test for both hands, and 
ABILHAND-Kids significantly improved post-treatment, while the JTTHF did not (Table 2). No 
changes in LE gait parameters or LE symmetry were evident at post-test (Table 3), nor did the 
group become closer to TDC values in any LE variable (shown by McNemar’s test) (p>0.05 for 
all cases). PCA did not indicate changes in limb coupling (Table 5). While there was a decrease 
in swing time MAD (p=0.021) and cadence MAD (p=0.017) of the LA leg, no change in MAD 
for any other gait parameter was observed (Table 4). 
 Figure 2A and B show kinematic traces of contralateral UE and LE limb trajectories of a 
representative child during one walking trial pre- and post-intervention (HABIT). An increase in 
time (vertical lines) between heel strike (HS) and maximum forward arm swing (AS) represents 
a decrease in temporal synchronicity between contralateral limbs at post-test (Figure 1A,B). 
Additionally, smaller peaks of the MA arm in both directions at post-test indicate shorter swing 
displacement compared to pre-test (Figure 1B). As described below, these findings were 
representative of the group.  
i. Intensive UE Intervention Improves UE and LE Inter-Limb Coordination 
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 Children demonstrated a decrease in synchronicity between contralateral limbs associated 
with both the MA (p=0.005) and LA (p=0.014) arms (Table 3), though no associated change in 
MAD was observed (Table 3). Arm swing to stride ratio of the sample did not change 
significantly for either arm (Table 3), however only 11 children displayed a pre-test 2:1 ratio on 
either the MA (5) or LA (6) side. All five children with a 2:1 ratio of the LA arm changed to 1:1 
post-intervention (p=0.025). Five children changed from 2:1 to 1:1 on the MA side, while one 
child remained at the 2:1 ratio (p=0.025). All other children (15 on the LA side and 14 on the 
MA side) retained the 1:1 ratio at which they started. While the decrease in contralateral limbs 
synchronicity was unexpected, the move towards a 1:1 ratio for all but one child suggests that 
inter-limb coordination was improved in children that showed poor coupling at pre-test.  
ii. Changes in Arm Swing during Walking 
 According to the side symmetry ratio, the arms became less symmetric at post-test 
(p=0.003), however the absolute symmetry ratio did not change significantly. The side symmetry 
decline may be attributed to the decrease in MA arm swing displacement from 0.25m to 0.17m 
(p=0.001) and velocity from 0.59m/s to 0.44m/s (p=0.033), while the LA arm did not change. 
The subset of children with UE and LE symmetry outside 2SD of TDC at pre-test did not 
improve at post-test. No changes in MAD of side or absolute symmetry of UE or LE were noted 
(Table 4). Neither UE temporal synchronicity nor associated MAD changed (Table 3,4). 
IV. DISCUSSION 
 The aim of this study was to determine if CIMT or HABIT improve coordination 
between the UE and LE during walking. No differences between groups were evident. The 
hypothesis that contralateral limb synchronicity would improve was not supported, though the 
hypothesis that arm swing to stride ratio would improve was partially supported, as all but one 
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child with a pre-test 2:1 ratio improved to a 1:1 ratio at post-test. Lack of significance associated 
with arm swing to stride ratio may be due to a ceiling effect, as the majority of children already 
had a 1:1 ratio at pre-test. The hypothesis that the UE and LEs would become more symmetrical 
was not supported. Though a decrease in MA arm swing displacement and side symmetry 
between arms was observed at post-test, overall limb coupling during gait improved. This is 
evidenced by the arm swing to stride ratio, which is the most important measure since it is well-
known and previously implemented in this population compared to temporal synchronicity that 
has never been used in children with USCP prior to this study. Therefore, despite the 
improvement in UE clinical measures, the carry over to gait coordination was modest.  
i. Kinematics may Reveal Compensatory Strategies  
 As this is the first study to analyze kinematics of UE and LE inter-limb coordination after 
CIMT/HABIT, it may have highlighted UE impairment compensation strategies such as the 
decreases in MA arm swing and temporal synchronicity of contralateral limbs. Thirty-five 
percent of children (7/20) demonstrated a larger MA than LA arm swing at pre-test, however this 
percentage decreased to 10% (2/20) at post-test. Though absolute symmetry did not significantly 
improve, 7/20 children became more symmetric (3/7 of whom demonstrated a larger pre-test MA 
arm swing). Importantly, side and absolute symmetry ratios indicated post-test changes in the 
same children, but the magnitude was much larger for side than absolute symmetry.  
ii. Sample and Intervention Differences May Elicit Discrepancies with Previous 
Literature 
 While many studies have established improvements in UE function after CIMT and 
HABIT [15,18,19], only two have evaluated LEs following CIMT [6,7]. This is the first study to 
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evaluate the effect of HABIT on LE and gait inter-limb coordination after either intervention. 
The expectation that changes in the HABIT group would be greater than the CIMT group was 
not met, therefore the UE intervention type implemented (bimanual or constraint) may not have 
consequences on gait patterns of children with USCP.  
 This study’s results contrast those of Zipp and Winning (2010)[7]. While children in both 
studies were within 2SD of TDC values pre- and post-intervention, Zipp and Winning reported 
increased velocity at post-test. Interestingly, children in the present study walked faster (1.18m/s) 
than those in the Zipp and Winning study (1.04m/s) at pre-test, but had similar velocities at post-
test. Cadence showed the same relationship. 
 Although Coker and colleagues [6] reported no significant improvement in LE symmetry 
after CIMT, they reported that 50% of children decreased step time difference between legs.  
This study’s group was already within 10% asymmetry associated with TDC [24] at pre-test. 
However, our data show between two and five children had >10% asymmetry per LE variable at 
pre-test and two to three of those children improved to be <10% per variable at post-test. Though 
normalized step length was outside 2SD of TDC for both studies, this sample’s normalized 
velocity was within 2SD pre- and post-intervention, while Coker et al.’s sample [6] was outside 
2SD at pre-test and improved to be within 2SD at post-test. Coker et al. [6] also reported children 
starting the intervention with a lower cadence and ending with a higher cadence compared to 
children in this study. Furthermore, children in Coker’s [6] study demonstrated MA single leg 
support values outside 2SD of TDC at both pre- and post-test, while this study’s children were 
within 2SD at both sessions.  
 Lack of significant improvement in LE variables in this study is likely due to pre-test 
patterns similar to TDC, though individual improvements were evident. This is supported by the 
 138 
 
greater number of children in GMFCS level I than level II in this study (1/20 in GMFCS II) 
compared to studies of both Zipp and Winning [7](8/16 in GMFCS II) and Coker et al. [6](4/12 
in GMFCS II, 1/12 in GMFCS III). Additionally, Coker et al. [6] included children with a mean 
age much younger (4.3 years) than children in this study (9.8 years), which may have allowed for 
greater improvements based on the immaturity, and therefore greater potential plasticity, of their 
gait patterns [26]. Discrepancies may also be due to Coker et al.’s [6] modified version of CIMT, 
which incorporated more gross motor tasks compared to this study (~13% total intervention 
time). However, small sample size may have underpowered our study. 
 While PCA did not indicate improvements, arm swing to stride ratio showed increased 
coupling in 10/11 children. Discrepancies may be due to computational differences. PCA 
represents patterns of similarity by expressing data as a set of new orthogonal variables after 
extracting the most important information [27]. In contrast, the arm swing to stride ratio 
represents coordinative patterns resulting from frequency locking between UE and LEs [8]. 
Therefore, the arm swing to stride ratio provides a broad view while PCA provides a more 
detailed limb coupling evaluation. While previous literature utilized the arm swing to stride ratio 
to determine gait coordination in children with USCP [2], PCA has never been used in a similar 
way. Instead, PCA was applied to determine segmental and angle covariation in this population 
[28,29]. The use of PCA in this study may be inappropriate for this population with gait 
characteristics so similar to TDC.  
iii. Limitations 
 Limitations included the unequal number of group participants and lack of a no-treatment 
control group, though one group was meant to serve as a control for the other. Also, this 
convenience sample was high functioning and therefore it is unknown how coordinative changes 
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would differ in more affected children. A ceiling effect may be noted since walking is not a 
novel task and these children were already walking proficiently.  
iv. Conclusions 
 CIMT and HABIT can induce changes in gait inter-limb coordination between UE and 
LEs. Specifically, children with a 2:1 arm swing to stride ratio can adapt a 1:1 ratio similar to 
TDC. One might ask whether task specificity is of major importance when evaluating LE gait 
patterns after UE intervention, but it should be noted that previous literature has reported 
improvements in clinical gait measures, such as the 6-minute walk test, after participation in 
HABIT-Including the LE (HABIT-ILE) [30]. However, while clinical measures of gait 
improved, the biomechanical modifications of gait patterns are unknown. A greater focus on 
training of the UE and LE, may have elicited improvements in this study [30]. While we 
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Tables and Figures 
Table 1 
Participant Characteristics 
 CIMT HABIT 
N 8 12 
Age (years) 9.5 (2.4) 10 (3.6) 
Male 4 5 
Female 4 7 
Affected Hemisphere - Left 3 4 
Affected Hemisphere - Right 4 8 
MACS I 1 3 
MACS II 3 6 
MACS III 4 3 
GMFCS I 8 11 
GMFCS II 0 1 
JTTHF 394.7 (269.4) 342.3 (210.8) 
Note: Age and JTTHF are represented as the mean (standard deviation). Abbreviations: MACS, 
Manual Ability Classification System; GMFCS, Gross Motor Function Classification System; 




Figure 1. A. Kinematic traces of the less affected arm and more affected foot displacements in 
the anterior-posterior direction for one gait cycle of a representative HABIT participant 
(Participant 1) at pre- and post-test. B. Kinematic traces of displacements of the more affected 
arm and less affected foot from the same participant for one gait cycle at pre- and post-test. HS: 




































































































































































































Clinical Evaluations of Hand Function 
  Pre-Test Post-Test Z P-value 
Both Sides 
Included 
AHA 53.50(15.75) 57.00(14.75) -3.21 0.001 
ABILHAND-
Kids 




JTTHF 374.41(351.33) 231.63(325.98) -1.87 0.06 




JTTHF 50.63(13.92) 50.00(20.85) -0.04 0.97 
BB 38.50(18.25) 42.00(11.00) -2.28 0.02 
Note: Data are presented as median (interquartile range). AHA: Assisting Hand Assessment. 
JTTHF: Jebsen-Taylor Test of Hand Function. BB: Box and Blocks. Bold p-values indicate 




Comparison of Primary and Secondary Variables at Pre- and Post-Test using the Wilcoxon Test 





 Arm Swing Side Symmetry Ratio 0.89 (0.74) 0.66 (0.34) -2.99 0.003 
Arm Swing Absolute Symmetry 
Ratio 
0.71 (0.32) 0.59 (0.31) -1.15 0.25 
Step Length Side Symmetry Ratio 0.99 (0.03) 1.00 (0.03) -1.19 0.23 
 Step Length Absolute Symmetry 
Ratio 
0.98 (0.03) 0.99 (0.03) -0.78 0.43 
Swing Time Side Symmetry Ratio 0.97 (0.10) 1.01 (0.13) -0.72 0.46 
Swing Time Absolute Symmetry 
Ratio 
0.94 (0.08) 0.96 (0.10) -0.80 0.94 
Stance Time Side Symmetry Ratio 1.01 (0.16) 0.98 (0.21) -0.48 0.63 
Stance Time Absolute Symmetry 
Ratio 
0.92 (0.08) 0.93 (0.09) -0.04 0.97 




Temporal Synchronicity of 
Contralateral Limbs (s) 
0.13 (0.32) 0.40 (0.21) -2.80 0.005 
Arm Swing Frequency (Hz) 2.88 (1.35) 2.70 (2.43) -0.59 0.55 
Arm Swing Displacement (m) 0.25 (0.13) 0.17 (0.10) -3.24 0.001 
Velocity of Total Arm Swing 
(m/s) 
0.59 (1.19) 0.44 (0.38) -2.12 0.03 
Temporal Synchronicity of Arms 
(s) 
0.12 (0.10) 0.10 (0.08) -1.06 0.28 
Step Length (m) 1.14 (0.21) 1.10 (0.14) -0.18 0.85 
Swing Time (s) 0.54 (0.07) 0.54 (0.09) -0.07 0.94 
Stance Time (s) 0.40 (0.18) 0.45 (0.16) -0.56 0.57 









Temporal Synchronicity of 
Contralateral Limbs (s) 
0.15 (0.14) 0.29 (0.18) -2.44 0.01 
Arm Swing Frequency (Hz) 2.13 (0.52) 2.04 (0.37) -0.18 0.85 
Arm Swing Displacement (m) 0.27 (0.14) 0.27 (0.16) -0.97 0.33 
Velocity of Total Arm Swing 
(m/s) 
0.55 (0.27) 0.56 (0.34) -0.61 0.53 
Temporal Synchronicity of Arms 
(s) 
0.10 (0.11) 0.14 (.010) -1.56 0.11 
Step Length (m) 1.13 (0.15) 1.08 (0.18) -1.64 0.10 
Swing Time (s) 0.56 (0.11) 0.52 (0.13) -0.95 0.34 
Stance Time (s) 0.44 (0.09) 0.46 (0.15) -0.35 0.72 





Single Limb Support (%) 44.96 (5.47) 44.71 (6.02) -0.45 0.65 
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Note: Data are presented as median (interquartile range). Italics represent Primary Variables. 




Comparison of Median Absolute Deviation (MAD) of All Variables at Pre- and Post-Test 





Arm Swing Side Symmetry 
Ratio 
0.12 (0.25) 0.07 (0.09) -2.73 0.006 
Arm Swing Absolute Symmetry 
Ratio 
0.05 (0.06) 0.05 (0.06) -1.26 0.20 
Step Length Side Symmetry 
Ratio 
0.01 (0.03) 0.02 (0.02) -0.15 0.88 
Step Length Absolute 
Symmetry Ratio 
0.00 (0.02) 0.02 (0.02) -0.44 0.65 
Swing Time Side Symmetry 
Ratio 
0.04 (0.05) 0.03 (0.05) -1.08 0.28 
Swing Time Absolute 
Symmetry Ratio 
0.01 (0.03) 0.01 (0.02) -0.37 0.97 
Stance Time Side Symmetry 
Ratio 
0.04 (0.05) 0.03 (0.04) -0.45 0.65 
Stance Time Absolute 
Symmetry Ratio 
0.03 (0.03) 0.02 (0.03) -0.82 0.41 




Temporal Synchronicity of 
Contralateral Limbs (s) 
0.05 (0.07) 0.06 (0.09) -0.88 0.38 
Arm Swing Frequency (Hz) 0.52 (0.71) 0.48 (0.50) -0.82 0.41 
Arm Swing Displacement (m) 19.24 (37.76) 13.9 (14.68) -0.93 0.35 
Velocity of Total Arm Swing 
(m/s) 
0.13 (0.18) 0.07 (0.12) -1.23 0.22 
Temporal Synchronicity of 
Arms (s) 
0.03 (0.05) 0.03 (0.03) -0.35 0.72 
Step Length (m) 16.02 (23.1) 18.76 (30.75) -0.37 0.71 
Swing Time (s) 0.01 (0.03) 0.01 (0.00) -1.72 0.09 
Stance Time (s) 0.02 (0.03) 0.10 (0.06) -2.32 0.02 
Cadence (steps/min) 3.75 (5.01) 3.38 (6.24) -1.01 0.31 




Temporal Synchronicity of 
Contralateral Limbs (s) 
0.04 (0.05) 0.03 (0.04) -0.60 0.55 
Arm Swing Frequency (Hz) 0.13 (0.40) 0.08 (0.13) -1.46 0.15 
Arm Swing Displacement (m) 21.60 (40.96) 32.6 (37.31) -0.37 0.71 
Velocity of Total Arm Swing 
(m/s) 
0.07 (0.08) 0.06 (0.10) -0.89 0.37 
Temporal Synchronicity of 
Arms (s) 
0.04 (0.04) 0.04 (0.03) -0.15 0.88 
Step Length (m) 21.6 (23.53) 22.9 (39.86) -0.67 0.50 
Swing Time (s) 0.02 (0.03) 0.01 (0.02) -1.09 0.28 
Stance Time (s) 0.01 (0.03) 0.02 (0.02) -0.33 0.74 
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Cadence (steps/min) 3.75 (7.06) 1.28 (3.31) -2.89 0.02 
Single Limb Support (%) 0.68 (1.29) 0.47 (1.29) -0.12 0.91 
Note: Data are presented as MAD (interquartile range). Italics represent Primary Variables. Bold 





Principle Component Analysis  
 UE and LE UE Only 
 Pre-Test Post-Test Pre-Test Post-Test 
% Variance PC1 49.84 (12.63) 51.61 (10.39) 52.89 (9.36) 56.42 (17.18) 
Z-Score -0.62 -0.97 
p-Value 0.53 0.33 





Descriptions of Primary and Secondary Variables 
Variable Description 
Temporal Synchronicity of 
Contralateral Limbs 
Time between peak forward arm swing and contralateral heel 
strike 
Arm Swing to Stride Ratio Number of arm swings per stride on the same side of the body 
Side Symmetry Ratio Values of the More Affected side divided by the Less Affected 
side 
Absolute Symmetry Ratio Smaller values divided by larger values regardless of side 
Arm Swing Displacement Difference of displacement between the maximum and 
minimum respective sagittal plane arm markers 
Arm Swing Velocity Difference in velocity between the maximum and minimum 
respective sagittal plane arm markers 
Arm Temporal 
Synchronicity 
Time between peak forward arm swing of one arm and peak 
backward swing of the other 
PCA Limb Coupling Represents patterns of similarity 
Stance Time Time from heel strike to toe-off of the same limb 
Swing Time Time from toe-off to heel strike of same limb 
Step Length Distance between toe-off and heel strike of same limb 
Single Limb Support Percentage of time spent of one limb during the gait cycle 
Cadence Number of steps per minute 
Walking Velocity Self-Selected Walking Velocity 
Jebsen-Taylor Test of 
Hand Function 
A measure of hand function during simulated activities of daily 
living 
Box and Blocks  A measure of unilateral gross manual dexterity 
Assisting Hand Assessment A measure of how children with unilateral upper limb disability 
use the more affected hand with the less affected hand in 
bimanual play 
ABILHAND-Kids A measure of manual ability for children with upper limb 
impairment 





Gait Pattern Modulations in Children with Bilateral Cerebral Palsy after Hand Arm 
Bimanual Intensive Therapy – Including Lower Extremities (HABIT-ILE) 
I. INTRODUCTION 
Cerebral palsy (CP) is a condition caused by a static lesion to a developing nervous 
system that affects motor function (Bax et al., 2005). Specifically, CP causes a delay of walking 
onset and an abnormal gait pattern (Bell, Ounpou, DeLuca, & Romness, 2002). Gait patterns of 
children with CP are characterized by a slower walking velocity, shorter stride length, longer 
stance time, and shorter swing time compared to typically developing children (TDC) (Damiano 
& Abel, 1996). These parameters are more pronounced in children with bilateral CP, which 60-
70% of children diagnosed with CP present (Straub & Orbzut, 2009).  
Interventions, such as strength training (Blundell, Sheperd, Dean, & Adams, 2003; Eek, 
Tranberg, Zugner, Alkema, & Beckung, 2008; Lee, Sung, & Yoo, 2008) and body weight 
supported treadmill training (BWSTT) (Chergn, Liu, Lau, & Hong, 2007) aim to improve the 
gait patterns of these children. While strength training interventions have yielded positive 
changes in gait (Damiano & Abel, 1998), those associated with BWSTT have been variable 
(Provost et al., 2007). Yet, both types of interventions have limitations. Strength training can be 
costly due to required equipment, it is focused on specific muscle groups, and has moderate 
intervention intensity (e.g. one hour of intervention, twice a week, for four weeks (Blundell, 
Sheperd, Dean, & Adams, 2003)). BWSTT is limited in that children walk only on a treadmill 
instead of over-ground, there are typically no other functional activities incorporated, and 
intervention intensity is low (e.g. 20 minutes of intervention, twice a week, for 12 weeks 
(Chergn, Liu, Lau, & Hong, 2007)).  
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However, another considerable limitation of the aforementioned interventions is that they 
focus solely on the lower extremities (LE). This can be considered a limitation since it is well 
established that the upper extremities (UE) also play an important role in gait (Meyns, Bruijn, & 
Duysens, 2013). Therefore, if both upper and lower extremities are targeted in an intervention, a 
more functional change in gait pattern may occur. One specific intervention that targets the use 
and control of the trunk and the LE while including UE tasks is Hand Arm Bimanual Intensive 
Therapy-Including Lower Extremities (HABIT-ILE). HABIT-ILE is a modification of Hand 
Arm Bimanual Therapy (HABIT) used for UE training for children with hemiplegia (Charles & 
Gordon, 2006). This intervention involves bimanual movement of the UE in conjunction with 
training of the LE, utilizing an intensive motor-learning based technique with an individualized 
progression of gross motor skills (Bleyenheuft & Gordon, 2014).  All activities are graded 
toward more complex bimanual coordination for the UE and less stable support for the LE 
(Bleyenheuft & Gordon, 2014). HABIT-ILE combines all extremities, including the trunk, to aid 
in improvement in overall function.  
Clinical evaluations support increases in function after participation in HABIT-ILE 
(Bleyenheuft et al., 2014; Bleyenheuft et al., 2017). For the UE, improvements in the Assisting 
Hand Assessment (AHA), ABILHAND-Kids (measure the manual ability for children with 
upper limb impairments (Arnould, Penta, Renders & Thonnard, 2004)), finger strength scores, 
the Pediatric Evaluation of Disability Inventory, the Box and Blocks test, and the Jebsen-Taylor 
Test of Hand Function have been reported. Clinical improvements in the LE have been 
associated with the Gross Motor Function Measure-66, the Pediatric Balance Scale, the six-
minute walk test, and the ABILOCO-Kids (assesses the walking ability of children with CP 
(Gilles, Arnould, Thonnard, & Lejeune, 2008)). Though clinical evaluations support increases in 
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overall function, it has yet to be determined if and how children specifically change their gait 
patterns after participating in HABIT-ILE. Instead of only relying on the general reports of 
changes offered by many clinical evaluations, kinematic analysis of gait can be used to provide 
these vital details. For example, if a child increases walking speed at post-test, kinematic analysis 
can identify if the increase in velocity is due to an increase in cadence or step length. This 
information is valuable, as an increase in cadence indicates an unchanged pattern with an 
increased frequency, while an increase in step length indicates a functional change of gait 
pattern. This was an explicit limitation of the prior clinical study of HABIT-ILE (Bleyenheuft et 
al. 2014), as an increase in step length was observed based on video records, but it was 
impossible to determine the origin of the increase due to lack of kinematic analysis. The ability 
to compensate for restricted step length with heightened step frequency is increasingly less 
effective with greater motor involvement (Damiano, 1998); therefore, it is imperative to 
determine if and how spatiotemporal gait parameters such as stride length, swing and stance 
time, and velocity change due to HABIT-ILE or if children keep the same patterns and simply 
increase the rate at which the pattern occurs. Toe elevation is also of interest because most 
children with spastic CP demonstrate poor foot clearance, which increases fall opportunities 
while walking (Prosser, Curatalo, Alter, & Damiano, 2012). Therefore, an increase in toe 
elevation evaluated with kinematic analysis would be viewed as an improvement in overall gait 
pattern. 
The aim of this study was to determine if HABIT-ILE alters gait patterns of children with 
CP. It was hypothesized that after an intensive functional training program, HABIT-ILE, gait 
patterns of children with bilateral CP would be modified in spatiotemporal parameters associated 
with their individual functional goals, which were recorded prior to the start of the intervention. 
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Specifically, if the goal of the child was to increase walking velocity, it was predicted that 
HABIT-ILE would aid in that increase and consequently increase stride length due to its 
functional benefits. Conversely, if the goal was to decrease walking velocity due to gait 
instability, it was predicted that HABIT-ILE would service that goal and thus a variable such as 
stance time would increase. Due to these differences, the way the parameters were modulated 
may have varied within the group due to individual functional goals. Therefore, an N-of-1 design 
was used to determine changes in children individually. Gait parameters of interest included 
walking velocity, swing and stance time, stride length, and toe elevation.   
II. METHODS 
i. Participants  
Participants were a convenience sample from HABIT-ILE, which was part of a larger 
study at the Center for Cerebral Palsy Research at Teachers College (TC), Columbia University. 
Children were recruited via posting to the TC Website (http://www.tc.edu/centers/cit/), 
communication with caregivers of children in the center’s database via email and telephone, and 
allied medical centers. Potential participants were screened via telephone, which was followed 
by an in-person screening of the child at TC if he/she qualified. Children were invited to 
participate if they met all inclusion criteria including the diagnosis of bilateral CP, 6-17 years 
old, impairment level of the LE reported by medical examination (GMFCS II to IV), ability to 
grasp light objects and lift the more affected arm 15 cm above a table surface, school level equal 
to that of TDC peers, and ability to follow instructions and complete testing. Exclusion criteria 
included a total inability to walk a few steps (with or without a walking aid), visual problems that 
would interfere with therapy or testing, orthopedic surgery within the past 12 months, botulinum 
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toxin injections in the previous six months, and uncontrolled seizures (Bleyenheuft & Gordon, 
2014). Caregivers signed consent forms prior to children’s participation.  
ii. Intervention 
 HABIT-ILE was camp based and occurred at TC. Children worked both independently 
and in group activities with other children. Each child consistently worked with two designated 
interventionists who were trained prior to camp to provide only HABIT-ILE techniques. 
Multiple supervisors, including physical and occupational therapists, managed the HABIT-ILE 
intervention.  
Three activity categories were implemented, which consisted of activities performed 
using a table, activities of daily living (ADLs) performed in standing, and gross motor play. 
Tabletop activities were developed from HABIT (Charles & Gordon, 2006) and gross motor play 
was added to stimulate combinations of UE and LE activities during standing and walking. 
HABIT-ILE methodology has previously been described in depth by Bleyenheuft and Gordon 
(2014). Initially, tabletop tasks were performed with the child sitting on a chair without back 
support or a partially deflated fitness ball, which was progressively inflated to challenge the 
child’s stability. Once ball stability was mastered, children were challenged by playing while 
standing at a height-adjustable table, and lastly on a balance board with mediolateral instability. 
Difficulty was graded within each activity. During practice of ADLs involving the UE, gradual 
challenges of unstable LE postures were included. Gross motor play was introduced last, which 
included walking and jumping, when possible.  
For motivation, all activities were game structured. Selection of activities was based on 
functional goals defined by both children and caregivers prior to the start of the intervention. All 
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activities were designed to be child friendly. Children participated in 84 hours of HABIT-ILE 
within a three-week period to achieve desired intensity. This design was approved by the 
Institutional Review Board of TC. 
iii. Gait Analysis 
  Data were collected pre- and post-intervention. Pre-testing occurred up to 1-week prior 
to HABIT-ILE and post-testing occurred within two days of the intervention’s end until 1-week 
post-intervention.  Both sessions consisted of one evaluation per child. Approximately 10 
walking trials were collected, with the number of trials being determined by the child’s abilities. 
A walking trial was defined as the child walking an 8-meter walkway in one direction. Children 
were instructed to walk at their comfortable walking speed. Rest, defined as sitting 
independently in a chair, was given upon the child’s request. One interventionist walked 
alongside the more severely affected children for safety purposes.  Testing sessions ranged from 
30 minutes to one hour depending on the child’s capabilities and cooperation.  
All trials were recorded using an 8-camera 3D motion capture system (Vicon 
Workstation 612, Lake Forest, CA) with a Plug-In-Gait model. Only the middle four meters of 
walking trials were analyzed to discount acceleration and deceleration gait phases. Trials were 
considered viable if the child walked the length of the walkway without tripping, stopping, or 
becoming distracted. Discarded trials were those in which reflective markers were removed due 
to friction caused by the child’s walking aid or feet/legs dragging against one another. Another 
cause of trial dismissal was the inability of the camera system to distinguish individual markers 
due to reflective surfaces of the walking aids. The first three viable trials of each participant were 
used for analysis. The number of trials (3) was chosen based on previous gait studies involving 
children with CP (Meyns et al., 2011; Bohm & Doderlein, 2012; Ganley & Powers, 2005) and 
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the fact that some participants only had three good trials total due to data collection 
complications. The maximum number of strides was analyzed per child for each trial; therefore, 
the number of strides analyzed may have differed between children. Trials were sampled at 
120Hz and filtered with a low pass Butterworth filter with a cutoff frequency of 6Hz using 
custom software designed for LabView Development System 5.1 software (National 
Instruments, Austin, TX). LabVIEW was used to analyze all outcome variables which included 
mean velocity (m/s), swing time (s), stance time (s), stride length (cm), and maximum toe 
elevation (cm).  
iv. Statistical Analysis 
 An N-of-1 statistical design was implemented due to the small sample size and large 
variability between children in this study. Additionally, data was not normally distributed as 
indicated by histograms, Quantile-Quantile (Q-Q) plots, and significant Shapiro-Wilk tests. 
Paired T-tests and Wilcoxon-Ranked Tests also demonstrated non-significant pre- to post-test 
changes for the group as a whole. Variable transformations, utilizing the natural log of 10 and 
square-root of the variables, did not create a normal distribution or change the outcome of any 
statistical tests, parametric or non-parametric. However, graphing the data illustrated individual 
changes masked by group means, indicating that an N-of-1 statistical design was most 
appropriate for interpretation of these data. 
Bland-Altman graphs were created to visually describe the relationship between pre- and 
post-test differences (y-axis) and the mean values (x-axis), revealing systematic changes for each 
spatiotemporal parameter (Altman & Bland, 1983). The 2-Standard-Deviation (2SD) Band 
Method was used to quantify the changes in gait patterns from pre-test to post-test. The 2SD 
Band Method indicates a significant change in performance if a post-test score of an outcome 
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measure falls outside of the 2SD band calculated from the pre-test score of the individual in 
either the positive or negative direction (Nourbakhsh & Ottenbacher, 1994).   
Additionally, the Minimal Detectable Change (MDC) was compared to the net change of 
pre- to post-test values for each participant. The MDC represents the amount of change required 
to distinguish a true performance change from a change due to performance variability or 
measurement error. This improves interpretation of relative changes observed in specific 
spatiotemporal parameters and allows more definitive conclusions regarding clinical importance 
of a post-intervention change (Nair, Hornby, & Behrman, 2012; Flansbjer, Holmback, 
Downham, Patten, & Lexell, 2005). Previous literature has established MDC parameters for 
specific variables, however not all variables examined in this study exist as MDC parameters as 
of yet. Therefore, MDC analysis was only used for available variables coinciding with the 
outcome measures of this study (e.g. velocity, stride length, and stance time).   
III. RESULTS 
 Characteristics of participants who had taken part in HABIT-ILE over a three-year span 
(2013-2015) indicated variability of motor ability between children (Table 1). Figures 1-5 
illustrate individual pre-test to post-test changes with an overlay of the group mean, 
demonstrating that while individuals changed, the group mean masked those changes. For this 
reason, non-parametric tests, including the 2SD Band Method and the MDC, were utilized. All 
but two children changed in at least one parameter as determined by the 2SD Band Method 
(Table 2A-B), while the MDC (Table 3) indicated changes in all children for at least two of the 
available parameters. Results of clinical evaluations from the larger study from which these 





Child GMFCS Type Age Sex Assistive Device 
1 III Di 9 F None 
2 II Tri 12 F None 
3 III Tri 14 F None 
4 III Di 12 M Crutches 
5 III Di 7 M None 
6 IIII Di 6 F Walker 
7 IIII Tri 11 M Walker 
8 III Di 13 M Walker 
9 IIII Quad 12 F Walker 
Note: GMFCS = Gross Motor Function Classification System. Di = Diplegia. Tri = Triplegia. 




Child 1. The gait related goal for Child 1 was to walk slowly without raising her arms. 
There are two parts to this goal. First, is to decrease walking velocity and second is to improve 
dynamic balance while walking. A decrease in stride length could have achieved both parts of 
this goal, since it typically causes a decrease in walking velocity and the center of mass to remain 
under the base of support during walking (Orendurff et al., 2004). Child 1’s baseline comfortable 
walking velocity (1.19±.07 m/s) was similar to that of TDC (Hicks, Tashman, Cary, Altman, & 
Gage, 1985) and did not change at post-test according to the 2SD Band Method (Table 2A). 
However, the MDC indicated a decrease in velocity (Table 3). Child 1’s baseline swing time 
(0.43±0.27 s) was slightly slower than TDC (0.41 s) and stance time (0.35±0.09 s) was much 
faster than the norm (0.61 s) (Thevelon et al., 2015). The 2SD Band Method did not show 
changes in stance or swing time (Table 2A), but the MDC indicated an increase in stance time at 
post-test (Table 3). Her pre-test stride length (77.2±31.7 cm) was shorter than TDC (Hicks et al., 
1985). While the 2SD Band Method showed no change in stride length at post-test (Table 2B), 
the MDC indicated a decrease (Table 3). Child 1’s baseline toe elevation (3.5±1.8 cm) was 
shorter than that of TDC (5.0 cm) (Virji-Babul & Brown, 2004) and the 2SD Band Method 
showed no change in post-intervention (Table 2B).  
Child 2. None of the goals for Child 2 were related to gait. This child’s baseline walking 
velocity (0.96±.07 m/s) was minimally slower than TDC (Hicks et al., 1985). Her baseline swing 
(0.31±0.11 s) and stance time (0.28±0.07 s) were both faster than TDC (Thevelon et al., 2015), 
with her stance time being farther from the healthy norm than her swing time. Her pre-test stride 
length (85.8±53.9 cm) was shorter than that of a healthy child (111.15 cm) (Hicks et al., 1985) 
and her toe elevation (2.7±2.6 cm) was also shorter (Virji-Babul & Brown, 2004). Child 2 
showed no changes in any variables in either analysis (Table 2AB; Table 3).  
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Child 3. The established goal associated with gait for Child 3 was to walk independently 
indoors. This child did not use an assistive device, but did request that someone walk with her 
with their hands hovering around her shoulders in case she lost her balance. Therefore, the goal 
was to gain the stability necessary to walk without someone constantly ready to catch her if a 
loss of balance should occur. A decrease in stride length may have provided this increase in 
stability, since shorter steps may help bring the center of mass closer to the base of support. In 
turn, this would likely also decrease walking velocity (Orendurff et al., 2004). Her baseline 
walking velocity (0.46±0.04 m/s) was more than half as slow as TDC (Hicks et al., 1985) and 
she decreased her velocity at post-test according to the 2SD Band Method (Table 2A), but not 
the MDC (Table 3). Her swing time (0.28±0.04 s) was more similar to that of TDC than stance 
time (0.35±0.07 s), though both were faster (Thevelon et al., 2015). Only the MDC indicated an 
increase in stance time post-intervention (Table 2A), with no changes in swing time shown by 
either analysis (Table 2A; Table 3). Her stride length (30.9±12.9 cm) was much shorter than a 
healthy child (Hicks et al., 1985) and decreased at post-test according to the MDC (Table 2B). 
Child 3’s baseline toe elevation (2.6±1.2 cm) was about half of that of TDC (Virji-Babul & 
Brown, 2004), and showed no change at post-test (Table 2B; Table 3).  
Child 4. Two goals related to gait were established for Child 4, including 1) walking 
without excessive arm movement and using too much effort and 2) remaining upright while 
standing. Both goals are related to balance, which can be influenced and improved by a decrease 
in both step length and velocity (Orendurff et al., 2004). Child 4’s baseline velocity (0.92±.06 
m/s) was slower than TDC (Hicks et al., 1985) at pre-test and both analyses indicated a decrease 
at post-test (Table 2A; Table 3). His pre-test swing time (0.38±0.10 s) was similar to TD values, 
but stance time (0.23±0.04 s) was much faster (Thevelon et al., 2015). Stance time increased at 
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post-test according to both analyses, while swing time did not change (Table 2A; Table 3). His 
baseline stride length (83.3±25.4 cm) was about 30 cm shorter than TDC (Hicks et al., 1985) and 
decreased at post-test according to the MDC (Table 3). His toe elevation (3.4±1.3 cm) was less 
than that of TDC (Virji-Babul & Brown, 2004), but did not change after intervention (Table 2B; 
Table 3).  
Child 5. Child 5’s established gait related goals were to 1) carry a glass of water on a 
tray, 2) carry 10 pounds of weight forwards, and 3) get in and out of his stroller independently. 
Though these goals are all related to gait, accomplishing them may require an increase in 
strength as opposed to changing a spatiotemporal gait parameter. Child 5’s baseline walking 
velocity (1.2±0.07 m/s) and swing time (0.45±0.08 s) were both similar to TDC (Hicks et al., 
1985; Thevelon et al., 2015). His stance time (0.37±0.02 s) at pre-test was the most different 
from the norm, as a healthy child displays a mean stance time of 0.61 s (Thevelon et al., 2015). 
Stride length was about half of that of TDC (Hicks et al., 1985), but increased at post-test 
according to the MDC (Table 3). His baseline toe elevation (2.2±1.1 cm) was also very different 
than that of TDC (5.0 cm) (Verschurren et al., 2008). Stride length was the only variable to show 
a change using either analysis (Table 2AB; Table 3).  
Child 6. All of the goals for Child 6 were related to gait, including to 1) walk faster, 2) 
walk longer distances, 3) let go of her walker and stand upright for at least 30 seconds, 4) take 
side steps on both sides, and 5) take longer steps backwards with her walker. Child 6’s baseline 
walking velocity (0.22±.01 m/s) was much slower than TDC (Hicks et al., 1985) and was the 
only child to increase walking velocity at post-test, according to both analyses (Table 2A; Table 
3). Her baseline swing (0.63±0.32 s) and stance (2.1±0.97 s) time seemed to be inflated due to 
the slow walking velocity. Stance time decreased according to the MDC (Table 3), but she 
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showed no change in swing time in either analysis (Table 2A; Table 3). Her pre-test stride length 
(31.5±16.0 cm) was much shorter than a healthy child (111.15 cm) (Hicks et al., 1985) and 
showed an increase at post-test according to the MDC (Table 3). Her toe elevation (0.84±1.7 
cm), however, was much shorter than TDC (Verschurren et al., 2008) and indicated an increase 
after the intervention according to the MDC (Table 3).  
Child 7. This child’s gait related goal was to walk up the stairs with support while 
alternating his feet. One way for this child to have achieved this goal would be to have increased 
his velocity. However, baseline walking velocity (0.17±.01 m/s) for Child 7 was the slowest of 
all children in this study (Figure 1) and did not change at post-test (Table 2A; Table 3). His 
swing time (0.49±0.19 s), which was slightly longer than TDC (Thevelon et al., 2015), and 
stance (1.99±0.55 s) time, which was much longer than TDC (Thevelon et al., 2015), were 
affected by the slow velocity. MDC indicated an increase in stance time, but no change in swing 
time at post-test (Table 3). This child’s baseline stride length (33.1±9.66 cm) was much shorter 
than TDC (Hicks et al., 1985) and no change in stride length occurred at post-test (Table 2B; 
Table 3). His toe elevation at baseline (5.3±2.8 cm) was similar to TDC (Verschurren et al., 
2008) and did not change post-intervention (Table 2B; Table 3).  
Child 8. This child had one gait related goal, which was to walk with crutches instead of 
his walker. In order to walk with crutches, an increase in walking velocity and stride length may 
have been necessary, since he did not take consecutive steps with the walker (Orendurff et al., 
2004). Baseline walking velocity (0.43±.06 m/s) for Child 8 was slower than that of TDC (Hicks 
et al., 1985) and was unchanged at post-test (Table 2A; Table 3). Both his swing (0.66±0.19 s) 
and stance time (1.1±0.29 s) were longer than a healthy counterpart (Thevelon et al., 2015), but 
only stance time decreased after the intervention according to the MDC (Table 3). His baseline 
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stride length (54.4±20.1 cm) was about half of a healthy child (Hicks et al., 1985) and toe 
elevation (2.9±2.1 cm) was just above half (Verschurren et al., 2008). Neither parameter changed 
at post-test (Table 2B; Table 3).  
Child 9. Child 9’s gait related established goals were to 1) walk better with assistance 
and 2) walk better with her walker. This child required an assistant to help her push her walker 
forward while she concentrated on taking steps. In order to be more self-sufficient during gait, 
her steps needed to be independent of one another and she needed to purposefully place each foot 
firmly on the ground to create a strong base from which she could propel herself forward. This 
type of change may decrease velocity and swing time, while increasing stance time (Winter, 
Patla, Frank, & Walt, 1990).  Baseline velocity (0.70±.07 m/s) for Child 9 was about 0.40 m/s 
slower than that of TDC (Hicks et al., 1985) and decreased at post-test according to both 
analyses (Table 2A; Table 3). Her pre-test swing (0.49±0.18 s) and stance (0.54±0.19 s) time 
were close to TDC (Thevelon et al., 2015). Post-test stance time indicated increases in both 
analyses, but swing time did not change (Table 2A; Table 3). Her stride length (57.1±26.6 cm) 
was about half of that of a healthy child (Hicks et al., 1985) and did not change at post-test 
(Table 2B; Table 3). Her toe elevation (5.2±1.7 cm) was similar to TDC (Verschurren et al., 



































































































































Table 2  
Changes Associated with HABIT-ILE According to the 2-Standard-Deviation Band Method 
A. 
  Velocity (m/s) Swing Time (s) Stance Time (s) 
Child Pre Post Pre Post Pre Post 
1 1.19±.07 .88±.09 0.43±0.27 0.51±0.12 0.35±0.09 0.45±0.16 
2 .96±.07 .97±.14 0.31±0.11 0.40±0.09 0.28±0.07 0.31±0.10 
3 .46±.04 .33±.03 0.28±0.04 0.27±0.04 0.35±0.07 0.51±0.23 
4 .92±.06 .61±.06 0.38±0.10 0.44±0.07 0.23±0.04 0.46±0.17 
5 1.2±.07 1.1±.08 0.45±0.08 0.46±0.06 0.37±0.02 0.37±0.03 
6 .22±.01 .58±.23 0.63±0.32 0.72±0.50 2.1±0.97 0.55±0.42 
7 .17±.01 .16±.01 0.49±0.19 0.44±0.08 1.99±0.55 2.22±0.26 
8 .43±.06 .53±.02 0.66±0.19 0.67±0.12 1.1±0.29 0.83±0.17 






  Stride Length (cm) Toe Elevation (cm) 
Child Pre Post Pre Post 
1 77.2±31.7 49.5±24.4 3.5±1.8 3.1±0.74 
2 95.4±5.78 96.5±12.3 2.7±2.6 5.1±1.1 
3 30.9±12.9 21.9±6.99 2.6±1.2 2.3±1.2 
4 83.3±25.4 45.5±25.9 3.4±1.3 2.6±0.84 
5 51.9±28.4 64.5±28.9 2.2±1.1 0.89±1.3 
6 31.5±16.0 54.7±20.3 0.84±1.7 9.7±5.6 
7 33.1±9.66 32.8±10.1 5.3±2.8 4.9±2.5 
8 54.4±20.1 55.8±29.9 2.9±2.1 2.5±2.3 
9 57.1±26.6 55.0±20.9 5.2±1.7 1.9±2.6 
Note: A. Walking velocity, stance time, and swing time means and standard deviations of pre- 
and post-tests. B. Step length, stride length, and toe elevation means and standard deviations of 




Table 3  
Changes Associated with HABIT-ILE According to the Minimal Detectable Change Analysis  
MDC 0.2 0.04 7.55 
Child Velocity (m/s) Stance Time (s) Stride Length (cm) 
1 -0.30 0.11 -27.6 
2 0.01 0.03 0.90 
3 -0.13 0.17 -8.97 
4 -0.31 0.23 -37.7 
5 -0.15 0.00 12.5 
6 0.36 -1.53 23.2 
7 0.00 0.23 -0.29 
8 0.10 -0.25 1.47 
9 -0.42 0.96 -2.03 
Note: Each number represents the change from pre-test to post-test for each child. Negative 
numbers represent a decrease in the variable from pre-test to post-test. Positive numbers 
represent an increase in the variable from pre-test to post-test. MDC = Minimal Detectable 
Change. Italicized numbers represent the MDC values established by previous literature. Bold 





Clinical Gait Analysis 
 10-Meter Walk Test 
Self-Selected 




 Pre Post Pre Post Pre Post 
Child 1 0.84 0.86 1.31 1.34 270 314 
Child 2 0.76 0.77 1.02 1.06 355 330 
Child 3 0.44 0.63 0.85 0.81 76 250 
Child 4 0.66 0.81 1.2 1.27 345 370 
Child 5 0.14 0.11 0.16 0.15 30.91 54.8 
Child 6 0.38 0.62 0.48 1.23 70 100 
Child 7 1.01 1.06 1.18 1.5 303.04 301.8 
Child 8 0.67 0.65 0.88 1.26 187.49 189.5 
Child 9 0.38 0.33 0.59 0.48 150.25 190 





 The purpose of this study was to determine if HABIT-ILE would promote positive gait 
changes in children with bilateral CP. The hypothesis that HABIT-ILE would affect at least one 
parameter related to a specific goal, though differently for each child due to the individualized 
goals, partially was supported. In most cases, more than one variable changed. These differences, 
however, may be due to the variability of motor function observed between the children at the 
start of the intervention.  
i. HABIT-ILE Impacts Gait of Children with CP 
 Most biomechanical measures depend on gait speed (Bejek, Paroczai, Illyes, & Kiss, 
2006). For example, step length and time of swing and stance phases change in distinctive and 
repeatable manners with changes in walking velocity (Grieve & Gear, 1966; Andriacchi, Ogle, & 
Galante, 1977). Furthermore, a positive linear relationship exists between step length and 
walking velocity, while time of swing and stance have been found to be inversely proportional to 
walking speed (Andraicchi, Ogle, & Galante, 1977). Therefore, evaluating changes in walking 
velocity can provide an uncomplicated way of dissecting the outcomes of this study on a child-
by-child basis. 
Only Child 6 stated a functional goal of increased walking speed prior to the intervention. 
Though Child 6 still did not reach a velocity comparable to TDC (Hicks et al., 1985), there was 
an observed increase in velocity at post-test. Notably, she more than doubled her speed. This was 
accomplished by decreasing time spent in stance phase and increasing the length of her strides. 
Though an increase was desired, an increase of this size may be due to post-testing conditions 
associated with motivation and enthusiasm. While a genuine increase in walking velocity most 
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likely occurred, an increase of this magnitude may not be telling of her true abilities during a 
more comfortable self-selected walking velocity.  
Though increased velocity is typically associated with gait pattern improvement, four 
children decreased their speed after HABIT-ILE. While it was a goal of Child 1 to walk slowly 
without the use of her arms to remain balanced, the velocity she displayed at pre-test was similar 
to that of TDC (Hicks et al., 1985), yet she accomplished her goal of decreased walking speed 
after HABIT-ILE.  She walked slower by increasing time spent in stance phase and decreasing 
her stride length. Child 4, however, indicated unintentional slowing at post-test, though the 
decrease in speed may be considered a positive modification of his pattern, since he displayed 
poor balance during walking at the start of the intervention as shown by excessive arm 
movements. Therefore, intervention time spent practicing walking focused on placing the feet 
firmly on the ground and executing individual steps. This focus caused him to spend more time 
in stance phase and take shorter steps. Though his velocity was less similar to that of TDC at 
post-test (Hicks et al., 1985), his pattern became visually more stable as he consistently remained 
upright instead of using his momentum to take consecutive steps. While this can be considered 
an improvement in his gait pattern, it should be reiterated that decreasing velocity was not a 
functional goal of this child.  
Child 3 also unintentionally decreased her walking speed after HABIT-ILE. Her 
treatment focused on independent walking without requiring someone to walk behind her with 
arms outstretched over her shoulders, as she had desired. This decrease was associated with a 
decrease in step and stride length, and an increase in stance time, according to both statistical 
tests employed. While these results complement one another, it is important to note that the 
observed decrease in stride length was substantial. Results indicate that she took smaller steps 
 178 
 
and spent more time in support phase. This was not the focus of the intervention for this child 
and may have occurred due to psychological factors such as fear of falling, as it is common for 
older adults to make the same adjustments when they fear a fall may occur (Maki, 1997). This 
child did not walk with someone as closely behind her during the post-test as they had during the 
pre-test, which may be the root of the change in her pattern more so than the intervention.  
Lastly, Child 9 indicated a decrease in walking velocity to less than half of the speed 
from pre- to post-test, though a change in velocity was not a part of her functional goals or the 
intent of her individualized intervention. This change was accompanied by a more than two-fold 
increase in stance time. Child 9 was the most severely affected child of the group, which may 
indicate that fatigue had affected her performance at post-test or that HABIT-ILE may not be 
useful for improving walking ability in children of this severity.  
Four children (Child 2, Child 5, Child 7, and Child 8) did not alter their walking velocity 
after HABIT-ILE according to the 2SD Band Method; however, none of their functional goals 
related to changing speed. Their goals were more focused on UE, either on fine motor tasks, such 
as buttoning a shirt or zipping a bag, or on strength based tasks, such as using the arm for support 
during transfer. While Child 7 and Child 8 did indicate some changes in gait parameters (e.g. 
stance time), the significance of these changes is unknown since they were not substantial 
enough to impact overall walking velocity. 
Child 5 and Child 2 were the most ambulatory children of the group. Both children were 
highly mobile before participating in HABIT-ILE and walked without the use of an assistive 
device. Additionally, improvements in gait were not a part of the functional goals of either of 
these children. While Child 5 did indicate an increase in stride length, the reason for this change 
is unknown, since this child did not show changes in any other closely related variables (e.g. 
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velocity). Child 2 was the only child that did not indicate changes in any variables using either 
analysis. This child demonstrated values closest to that of TDC at baseline, with the exception of 
stance time and toe elevation. While her stance time remained shorter than that of TDC, her toe 
elevation matched that of a healthy child at post-test. Lack of change after HABIT-ILE may be 
due to the fact that all other gait parameters were close to TDC values before participating in the 
intervention. Thus, it is possible that a ceiling effect occurred.  
ii. Agreement between 2SD Band Method and MDC 
Due to the lack of a full MDC database for children with bilateral CP and therefore no 
MDC values to compare all gait spatiotemporal variables used in this study, two analyses were 
used to determine meaningful changes at post-test. The 2SD Band Method was used for all 
variables and the MDC was used as a secondary analysis for the measures currently available 
from other literature (Nair, Hornby, & Behrman, 2012). The three measures included in the 
MDC analysis were velocity, stance time, and stride length. Velocity had the highest agreement 
of 88.8% with eight out of nine children indicating a meaningful change in both the 2SD Band 
Method and the MDC. Stance time indicated the lowest agreement of 44.4% with four out of 
nine children showing a meaningful change in both analyses. The agreement for stride length 
was 55.5% with five out of nine children demonstrating a meaningful change for both analyses. 
While the percentage of agreement for velocity is high, the other two variables only have 
marginal agreement. Due to the nature of the 2SD Band Method, meaningful changes are 
calculated based on the values of the individual, while the MDC interpretations in this study rely 
on comparisons of these data to that published in other studies. Therefore, it would have been 
beneficial to include multiple baseline sessions to calculate the MDC of the children who 
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participated in this study. Future research aiming to use an N-of-1 design for this population 
should do so. 
iii. Difficulties Associated with Comparing Children of a Heterogeneous Population  
Creation of sub-groups categorized by functional deficits instead of overall diagnosis 
would have been possible with a larger sample size. Children could have then had the 
opportunity to participate in activities specific to their functional challenges and a comparison 
between sub-groups could have determined which functional deficits indicate the greatest 
improvements after HABIT-ILE. While most clinical trials report mean group differences to 
determine if an intervention is effective, a statistically significant finding does not imply that the 
intervention was effective for each participant (Damiano 2014). Even those interventions deemed 
highly effective for children with CP typically demonstrate a variety of individual responses 
ranging from either negative or negligible responses to strong, positive responses. This range of 
responses is not well understood and is most likely due to the heterogeneous group of disorders 
included in CP (Damiano 2014). This study has demonstrated that it is difficult, and not 
insightful, to compare children with different movement deficits, gait patterns, and therefore 
treatment needs. However, implementation of the N-of-1 design may have improved the 
understanding of the outcomes of this intervention by preserving some homogeneity while 
differentiating treatment among the children (Lillie et al., 2011).   
An issue of key historical and clinical importance is generalizability of results of a 
treatment, specifically if a novel intervention is suggested to be useful. Ensuring that a treatment 
design facilitates applicability of the results is important due to the wide dissemination of 
information after treatment completion (Lillie et al, 2011). The importance of this notion is 
highlighted by the large heterogeneity of disabled populations, as was evidenced in this study. 
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Though an N-of-1 design may not provide easy generalizability, this design is compatible with 
individualized patient care, which is implemented during HABIT-ILE (e.g. each child followed 
his or her own treatment plan based on individual functional goals). Moreover, the assumption 
that there exists a group threshold for clinical significance is flawed because the same increment 
of change may vary in clinical importance for an individual patient (Damiano 2014). For 
example, some children may have a small, impactful change while other children may 
experience a large change in an outcome measure with no functional benefit. Validity of the 
importance of a functional change can only be determined at an individual level (Stratford & 
Riddle, 2013). Clinical studies focusing on treatment of a specific functional deficit may be more 
advantageous than stratifying individuals into groups that may or may not benefit from a 
treatment based on the population level associated studies.  
iv. Use of Both Clinical Evaluations and Kinematic Analyses is Necessary 
 Bleyenheuft et al. (2017) performed clinical evaluations on children with bilateral CP 
after HABIT-ILE participation. As this present study was a convenience sample from an ongoing 
trial of HABIT-ILE, some of the participants of this study were included in the larger study 
focusing on improvements in clinical measures after participating in HABIT-ILE. Clinical 
measures concentrating on the lower extremities included the Gross Motor Function Measure-66, 
the 10-Meter Walk Test, and the 6-Minute Walk Test. Bleyenheuft and colleagues (2017) 
reported improvements in all of these clinical measures, stating that children showed significant 
improvements at both post-test and follow-up test sessions. Differences in outcomes between this 
study and that reported by Bleyenheuft et al. (2017) may be due to the inherent differences 
between clinical measures and kinematic analysis. Kinematic analysis evaluates gait patterns on 
a more concentrated level compared to the overall change evaluated with clinical gait analyses 
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(Pearson, Busse, van Deursen, & Wiles, 2004). Therefore, changes in function observed after 
HABIT-ILE may be better captured using clinical evaluations, while changes in specific gait 
parameters are better quantified using kinematic analysis.  
 However, it is important to note that some of the clinical measures reported in this study 
and the kinematic analysis both quantified speed. Differences between clinical and kinematic 
measures were evident, as the clinical measures reflected an improvement in walking speed 
(however slight) in 6 out of 9 children, while the kinematic analysis only indicated an increase in 
speed of one child. This difference may be due to both the time at which the data was collected 
and the procedures involved in collecting the data. For example, the clinical measures were 
typically collected prior to kinematic analysis and required the child to simply walk down a 
hallway. In addition to collection of kinematic data occurring after clinical data collection, 
children were required to walk a long distance to reach the laboratory, which included walking 
down a curved ramp. In addition, children needed to stand still while the reflective markers were 
placed. These children fatigue easily and, therefore, may have been more tired during the 
kinematic data collection than clinical data collection, which may explain the difference in 
recorded walking velocity. 
 The notion that clinical measures and kinematic analysis provide different information 
was highlighted in 2014, when HABIT-ILE was employed in children with hemiplegic spastic 
CP (Bleyenheuft et al., 2014). These children were not as severely impaired as those that 
participated in this study, however they also showed improvements in clinical measures of the 
LE such as the 6-Minute Walk Test. This test indicated that children walked further at the second 
and third test sessions compared to the first, which can occur due to an increase in either step 
frequency or step length. Bleyenheuft and colleagues (2014) explained that while the video 
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records indicated a significant increase in step length during this test, there was no way to 
determine whether HABIT-ILE affects kinematic gait parameters. The authors called for future 
studies to pursue this line of research. This pursuit is necessary due to the lack of outcome 
measures utilizing kinematic gait analysis after an intervention in this population. In a systematic 
review, Verschuren and colleagues (2008) indicated that only two out of 20 studies included 
used some type of computerized gait analysis to determine improvements; both were strength 
training based (Damiano & Abel, 1998; Unger, Fauer, & Frieg, 2006). 
  Strength training interventions have been used to improve gait in children with CP by 
progressively increasing resistance to build muscle strength and aerobic endurance. This has 
shown to be effective in improving short term muscle strength with additional treatments 
required for functional gains (Novak et al., 2013). Fitness training is effective short term as well. 
However, only those with sufficient motor skills can participate, preventing children with greater 
severity from participating in this treatment (Novak et al., 2013). Similar to HABIT-ILE, 
Lowing, Bexelius, and Carlberg (2009) used goal directed functional training to determine if this 
approach would be more beneficial in functional outcomes than activity focused training. 
Children who participated in goal directed training improved in a greater number of everyday 
activities and gross motor function, as measured by clinical evaluations, compared to the activity 
training group. These results support the goal-directed aspect of HABIT-ILE. An increase of 
goal-based interventions focusing on LE gait changes is needed, as this would allow a true 
comparison between changes observed in this study and other types of interventions.  
V. Limitations and Conclusions 
 Limitations include a small sample size and large variability within the sample. Though 
all children met the inclusion criteria, each child started HABIT-ILE with deficits different from 
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their peers and required individualized treatment plans. This led to different desired outcomes, 
which made it impossible to analyze the group as a whole. Due to the progressive nature of the 
camp, some children did not receive as much LE training as others. The most severely affected 
children did not start to participate in gross motor activities until the third and final week of the 
intervention. Lack of intervention uniformity may have impacted the differences in outcome 
measures between the children. The substantial heterogeneity of the group made it impossible to 
use parametric tests to show statistical significance and an N-of-1 design was necessary utilizing 
the 2SD Band Method and MDC. However, this analysis was limiting since a full database of 
MDC variables does not currently exist for this population.  
 This study demonstrated that HABIT-ILE aids in changing gait patterns of children with 
bilateral CP, while highlighting the heterogeneity of this population. Though CP is categorized 
into specific diagnostic subgroups or functional classification levels, the distribution, character, 
and severity of the movement disorder attests to the large variability of this population, since 
each lesion is unique (Damiano, 2014). CP encompasses a group of disorders which varies 
widely depending on the type, timing, location, and extent of brain injury (Novak, 2013), which 
is why it was difficult to compare individuals within this small sample. An N-of-1 design allows 
researchers to explore variability in a more objective way, while leading to an informed decision 
about the best way to treat an individual using his or her own data (Lillie, 2011). This may be 
necessary since interventions of any type do not work for every patient, even within specific 
patient strata (Kraemer, Wilson, Fairburn, & Agras, 2002). For this reason, it would benefit 
researchers of this population to have a more complete MDC database with a greater number of 
gait outcome variables. This would allow the distinction of outcomes of an intervention on an 
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Gait Perturbations to the Pelvis: Response, Retention, and Transfer 
I. INTRODUCTION 
The ability of the central nervous system (CNS) to adapt to changing balance constraints 
is fundamental to maintain upright posture during locomotion (Marigold & Patla, 2002). During 
walking, the center of mass (CoM) is frequently outside of the base of support (BoS) with the 
exception of double-support phase, requiring the swing limb to move ahead of the CoM and 
achieve stability during the next stance phase (Winter, 1995). A perturbation can disrupt 
dynamic balance by shifting the CoM towards the perimeter of the BoS, decreasing the margin of 
stability (MoS) and lead to compensatory postural adjustments to avoid a loss of balance. When 
a medio-lateral (ML) perturbation occurs, the CNS compensates for the perturbation by altering 
the ML distance between the feet to increase the BoS and control body lateral acceleration 
(Oddson, Wall, McPartland, Krebs, & Tucker, 2004).  
This study focuses on three components of stability, the BoS, the CoM, and resultant of 
the two, the MoS. During walking, the minimum ML MoS ranges from two to three centimeters, 
as the CoM passes anterior to the medial (Winter, 1995) edge of the foot, resulting in a medial 
CoM acceleration. During this time, the body is in a state of dynamic imbalance, and 
consequently, the lateral positioning of the foot with respect to the horizontal location of the 
body’s CoM becomes the primary control factor of acceleration of the body in the ML direction 
during the next stance phase (Oddson et al., 2004).  
The main contributor to ML stability during gait is lateral foot placement with respect to 
CoM (Oddson et al., 2004). Various instruments have been used to perturb gait, ranging from 
sandals designed to create eversion/inversion movements of the ankle during stance (Kim, 
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Ndodim, Richardson, & Ashton-Miller, 2011), to moveable balance platforms that disrupt the 
stance foot in the ML direction (Oddson et al., 2004). Both techniques have shown that 
individuals change the width of their step following perturbations and the magnitude of the 
perturbation influences magnitude of the response. When subjects are aware that the properties 
of the support surface may change, they can alter their stepping and impact strategies to 
compensate. The same strategies may not be suitable when perturbations affect the CoM rather 
than the BoS.  The Active Tethered Pelvic Assist Device (A-TPAD) generates perturbations to 
the pelvis that can be modulated in direction, amplitude, duration, and wave form. Details on 
design and control of the A-TPAD can be found in work by Vashista, Martelli and Agrawal 
(2014) (Vashista, Martelli, & Agrawal, 2014). They have shown that perturbation amplitude and 
timing during the gait cycle will alter the unperturbed gait pattern, however they did not assess 
the ability of the CNS to immediately compensate for perturbations to the CoM.  
Precise control of perturbation timing, direction, and amplitude allows analysis of 
learning, retention, and transfer of postural responses implemented to maintain stability. This 
type of perturbation may lead to formation of a generalized motor program (GMP) with a goal of 
minimizing effects of perturbations to CoM during locomotion. A GMP is a mechanism that 
accounts for adaptive and flexible qualities of human coordinated-movement as it controls a 
class of movements, defined as a set of different actions having a common, but unique set of 
features (Schmidt, 1988). Transfer of motion state adaptations to changing environmental and 
task constraints after learning could be fundamental to simultaneous maintenance of upright 
posture and ongoing mobility characteristic of bipedal walking (Bhatt & Pai, 2008). While these 
invariant features form the basis of what is stored in memory, the fundamental pattern of the 
class of actions is what remains consistent from one performance to the next (Corna, Tarantola, 
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Nardone, Giordano, & Scheippati, 1999). By providing a variety of perturbations during 
ambulation, GMP creation can be assessed by improvement of stability across a variety of 
conditions. 
Prior exposure to a perturbation has shown to consistently influence the reactive response 
strategies typically employed by healthy adults, including decreasing the magnitude of the 
postural response (Corna, Tarantola, Nardone, Giordano, & Scheippati, 1999; Horak & Nashner, 
1986; Keshner, Allum, & Pfaltz, 1987; Mummel et al., 1998). Previous literature reported 
adaptations to changing perturbations as being both gradual and sudden (Rand, Wunderluch, 
Martin, Stelmach, & Bloedel, 1998). Alternatively, Hansen, Woollacott, and Debu (1988) 
reported an excessively large, though appropriate, postural response when the type of 
perturbation was changed, followed by a large response reduction during the subsequent trial. 
Inter-limb transfer of learned responses may be inadequate due to limitations within the CNS to 
sufficiently transfer the acquired sensory-motor coupling acquired from perturbations 
experienced on one side of the body to the other without any explicit information about the 
upcoming perturbation or actual vestibular, proprioceptive, or kinesthetic experience (Bhatt & 
Pai, 2008).  
The purpose of this study was to determine if individuals modify their response to gait 
perturbations after repeated exposure. This study had four specific aims. The first aim was to 
determine if and how individuals modify their response after several consecutive repetitions of 
the same perturbation. If a new response pattern is established, we wanted to determine if it 
could be 2) retained following a series of different perturbations and 3) transferred to the 
contralateral side.  
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Retention illustrates degree of permanence of the performance level that has been 
achieved during practice (Magill & Anderson, 2014). Subjects should be able to generate the 
same compensatory correction that was established following a block of identical perturbations 
at a later time if there was no degradation in the learned response. By implementing a variety of 
intervening perturbations, we can assess if this type of contextual interference degrades retention 
of the learned compensatory response.  Daily life activities provide a form of contextual 
interference between the time when a potentially disruptive perturbation is initially experienced 
and when it is experienced again. Therefore, it is important to understand if the compensatory 
responses to perturbations developed to maintain stability during locomotion can be retained 
and/or generalized as a fall prevention strategy within a single skill acquisition session. 
The third aim was to determine if postural responses learned from perturbations on one 
side of the body can be transferred to the other side. Transfer is important for both establishing 
effective motor skill learning environments and understanding the underlying processes (Magill 
& Anderson, 2014). Many studies have investigated upper limb transfer tasks (Anstis, 1995; 
Prokop, Berger, Sijlstra, & Dietz, 2002; Van Hedel, Biedermann, Erni, & Dietz, 2002), but few 
have examined transfer effects of the locomotor-posture control system after large-scale 
perturbations. Results are contradictory, as some lower limb transfer studies have shown poor 
transfer results (Anstis, 1995; Prokop, Berger, Sijlstra, & Dietz, 2002), while others indicated 
evidence of transfer (Bhatt, Wang, & Pai, 2006). 
The last aim was to determine whether the postural response to a perturbation at the same 
point in the gait cycle and in the same direction could be generalized to a perturbation that 
differed only in its amplitude. Testing the concept of the development of GMP along a very 
narrow parameter would provide useful information regarding the degree of task specificity that 
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is a function of perturbations to the CoM. Previous research indicates that the CNS has the 
capacity to apply acquired information to a new effector system (Sainburg & Wang, 2002), to 
such an extent that the prevalence of falls from perturbations can be effectively reduced. It has 
not been examined whether the newly learned compensatory response can be generalized to 
similar perturbations. This highlights yet another advantage of using the A-TPAD, adding a 
unique contribution to the literature.  
We hypothesized that individuals can learn to generate effective compensatory reactions 
to unexpected perturbations when they are identical in amplitude and time of occurrence within 
the gait cycle. Secondly, we hypothesized that this learned response will be retained following 
the interposition of a variety of different perturbations. Finally, we hypothesized that the 
compensatory response can be transferred to perturbations occurring on the other side of the 
body.  
II. MATERIALS AND METHODS 
i. Participants 
 Nine healthy adult males participated in this study (23.6 ± 3.6 years of age, 69.4 ± 7.7 kg, 
1.75 ± 0.08 m). Informed consent was obtained from all subjects and approved by the 
Institutional Review Board (IRB) of Columbia University before participation.  
ii. Experimental Setup 
Two force sensitive resistor pressure pads with 440 N limit (FlexiForce® from Tekscan, 
Massachusetts) were inserted into the subjects’ shoes at the calcaneus level to detect real-time 
heel strikes. Signals from the pressure pads were used to trigger unexpected, horizontal, ML 
perturbations through an A-TPAD (Vashista, Martelli, & Agrawal, 2014) implemented by a 
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Labview, PXI real-time system (National Instruments, Austin). In brief, the A-TPAD consists of 
four cables connected to a pelvic brace worn by the subject, which were routed using pulleys to 
be diagonally directed (Figure 1). The pulleys were adjusted to each subject’s height so the 
cables were parallel to the floor during standing. The cables were connected to motors that 
generated resultant ML perturbations with a trapezoidal force profile (rise, hold and fall times of 
150 ms duration). While the subject walked at a self-selected, comfortable speed on the 
treadmill, perturbations were delivered when the left or the right heel strike was detected by the 
pressure pads with a peak force of 10%, 15%, or 20% of subject body weight. All participants 
wore a safety harness to prevent falls. A 10-camera Vicon motion capture system (Oxford 
metrics, Oxford, UK) was used to collect 3D coordinates of 40 reflective body markers placed in 







































Figure 2. Experimental Protocol. 
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The experimental protocol included a baseline and training component (Figure 2). Each 
subject walked on the treadmill for four minutes during the baseline period. Only data collected 
during the last minute was used as a reference during analysis. During the training component of 
the study, perturbations perpendicular to the direction of walking were applied towards or away 
from midline at either right or left heel strike. . In addition, each subject received three 
amplitudes of perturbations. Thus, each subject received 12 blocks of perturbations (2 directions 
x 2 feet x 3 amplitudes) plus a final block of perturbations that was identical to the first block, for 
a total of 13 blocks.  Each block consisted of 10 identical perturbations. Perturbation order was 
randomly chosen for each participant. The number of steps between perturbations was also 
randomized (4-15 steps). Subjects walked continuously on the treadmill throughout the 
perturbation component of the study unless markers fell off or there were technical difficulties 
with the equipment. If these events occurred, the treadmill was stopped, the problems resolved, 
and the perturbation block would continue where it left off. Subjects were not informed that they 
were to receive 10 consecutive identical perturbations or when the type of perturbation was to 
change. 
iii. Data Analysis 
 We analyzed three components of the response to gait perturbations: movement of the 
feet, movement of the CoM, and MoS (the resultant of the feet and CoM movement). Although 
the perturbation occurred at the pelvis, movement of the feet is the most obvious indicator of the 
subjects’ attempts to maintain\regain stability. Analysis of CoM allowed us to assess whether 
subjects were able to directly decrease the effects of the perturbation as the perturbing force was 
in close proximity to the whole body CoM location. Analysis of MoS allowed us to determine 
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the degree of stability that the subjects maintained following the perturbation. As the MoS 
approaches or becomes less than zero the potential for a fall becomes significantly high.  
Analysis indicated that subjects drifted from side to side while walking on the treadmill 
so average maximum lateral displacement was not an accurate indicator of position prior to the 
perturbation. Maximum lateral displacement on the step prior the perturbation was considered a 
better indicator of body position. Furthermore, analysis indicated that most subjects returned to 
baseline displacement within four steps after the perturbation. Consequently, analysis was 
limited to the first three steps following the perturbation. Four variables were used to assess the 
compensatory response to perturbations: 1) maximum lateral foot displacement relative to 
maximum lateral foot displacement prior to perturbation, 2) change in anterior-posterior step 
length relative to the step length prior to the perturbation, 3) maximum lateral position of the 
CoM relative to maximum lateral position prior to perturbation and 4) minimum MoS during 
each stance phase. MoS was defined as the difference between the vertical projection of the CoM 
and the lateral perimeter of the BoS. 
We observed that subjects frequently changed their unperturbed medial-lateral location 
on the treadmill depending on the direction of the perturbation. For example, if the TPAD pulled 
the pelvis to the left, subjects would shift their location on the treadmill to the right. To 
compensate for this effect, changes in gait parameters were derived by subtracting feet and 
XCoM positions following the perturbations from those positions on the last step prior to a 
perturbation. 
Marker coordinates were filtered using a fourth-order, zero-lag Butterworth filter with a 
cut-off frequency of 7 Hz. Heel strike and toe-off were derived from the position of heel and toe 
markers as illustrated by Zeni et al. (2008). A 16-segment model was developed with joint 
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centers located in accordance with previous literature (Wang, 1996; Angling & Wyss, 2000; 
Bell, Pedersen, & Brand, 1990; Davis, Ounpuu, Tyburski, & Sage, 1991). The body segment 
inertial parameters, which included mass and CoM position, were calculated using procedures 
described by Zatsiorsky et al. (1990) and modified by de Leva (1996). The weighted sum of the 
16-segment model was used to calculate the whole body CoM. Foot markers on the heels, toes, 
and the first and fifth metatarsal heads were used to estimate the edges of the BoS. The most 
lateral foot marker was used to indicate the lateral edge of the BoS.    
 To determine if subjects learned a compensatory response within the first block of 
perturbations, the value of the first response (B1P1) was compared to the last response (B1P10) 
within the block of ten perturbations. To determine if subjects retained the learned response, the 
first and last responses in the first block (B1P1, B1P10) were compared to the identical 
perturbations in the last block (B13P1, B13P10). To determine if subjects transferred a learned 
response from one side of the body to the other side, the first and last responses in the first block 
were compared to the same type of perturbation on the other side of the body. For example, if the 
first perturbation was toward midline at right heel strike, we compared that to the first 
perturbation toward midline at left heel strike. Because perturbation order was randomized 
across subjects, the same perturbation on the opposite foot varied from one to seven blocks later. 
iv. Statistical Analysis 
 Stepwise regression was used to analyze the effects and interactions of the dependent 
variables. Variables were only included in the regression equation if the probability of increasing 
the amount of variance accounted for the by the dependent variable was less than 0.05. To assess 
whether subjects learned to compensate for the effects of ten consecutive, identical perturbations 
we used the regression model: 
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𝐷𝑉 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 + 𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛 + 𝑒𝑟𝑟𝑜𝑟 
where the DV (dependent variable) was ML step length, AP step length, ML CoM or MoS, 
perturbation was the effect of P1 vs. P10. 
 To assess whether subjects retained the compensatory response they had learned during 
the first ten repetitions of the perturbation, we used the regression model: 
𝐷𝑉 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 + 𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛 + 𝑏𝑙𝑜𝑐𝑘 + 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + 𝑒𝑟𝑟𝑜𝑟 
Where block was the effect of B1 vs B13 and interaction was the interaction between 
perturbation and block. 
 To assess whether subjects transferred to the other side of the body the compensatory 
response they had learned during the first ten repetitions of the perturbation, we used the 
regression model: 
𝐷𝑉 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 + 𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛 + 𝑏𝑙𝑜𝑐𝑘 + 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 + 𝑒𝑟𝑟𝑜𝑟 
where block was the effect of B1 vs. Bopp (opposite heel strke), amplitude was the effect 
of 10%, 15% and 20% body weight and interactions were the two and three way interactions 
between perturbation, block and amplitude. As stated earlier, subjects received three perturbation 
amplitudes in a randomized order. Consequently, the first perturbation on the opposite side of the 
body may not have been the same amplitude as the original perturbation. Regression analysis 
allowed us to statistically assess and remove the effect of amplitude on the perturbation response. 
Effect Size (Cohen’s d) was used to quantify the relative meaningfulness of statistical differences 







An effect size (ES) of 0.2 was considered small, 0.5 was medium and 0.8 was considered large 
(Cohen, 1969).  
III. RESULTS 
 The gait modifications caused by a lateral perturbation were most evident on the first 
three steps. Consequently, those were the only steps analyzed. All participants modified their 
step width, step length, lateral shift in XCoM and MoS from the first to tenth perturbation.  
Furthermore, the changes they adopted during the first block were retained to various degrees 
when presented with the first type of perturbation again after receiving 12 different blocks. In 
addition, the learned response was transferred to the contralateral side of the body as evidenced 
by improved performance on the first perturbation to that side. 
i. Compensatory Responses during the First Block of Perturbations 
 The perturbations caused large, lateral displacements of the CoM. Participants responded 
by shortening their step length and making large, lateral foot displacements in the direction of 
perturbation. By the end of the first block of perturbations, participants modified their MoS and 
retained these corrections at the end of the session. Figure 3 provides an example of the lateral 







Figure 3. Representative profiles from one participant of the effects of the first and tenth 
perturbation during the first block of trials. The three traces show the displacement of the right 
foot (red), left foot (blue) and XCoM (green). The perturbations were towards midline (TPAD 
force 15% body weight directed leftward in this condition) at right heel strike represented by the 
vertical yellow line. Upward and downward deflections in the foot profiles represent the swing 
phase of gait with downward deflections indicating displacement to the left. The relatively flat 
areas represent the stance phase. S0 represents the swing phase of the step prior to the 
perturbation, S1, S2, and S3 represent the swing phase of the first, second and third steps after 
the perturbation, respectively. Note that during the stance phase of steady state gait, the stance 
leg pushes the CoM medially with the smallest MoS occurring at mid stance. Following the first 
perturbation (A), the TPAD causes a large leftward displacement in XCoM. The left foot 
responds by making a large displacement to the left to keep the CoM within the base of support 
and forces the CoM to the right. The right foot overcompensates by making a large shift to the 
left. This overcompensation results in the CoM exceeding the boundary of the base of support (to 
the right of the right foot) at the end of the stance phase and places the participant at risk for 
falling. On the third step the left foot crosses in front of the right foot and the CoM is initially to 
the left of the base of support. By the fourth step the relationship between the CoM and base of 
support has returned to pre-perturbation range.  By the tenth perturbation (B) the participant has 
modified his response to the TPAD and has minimized his risk of falling by keeping the CoM 





 The lateral shift in the XCoM on the first step following the perturbation (XCoM1) was 
due to the direct effect of the TPAD pulling the body laterally. This pull always moved the CoM 
outside its normal range (t=7.93, p<0.000) and was proportional to the amplitude of the 
perturbation, averaging 95 + 24, 133 + 30 and 209 + 67 mm for 10, 15 and 20% body weight 
perturbations, respectively (see Figure 3A). Regression analysis indicated that there were no 
statistically significant differences in the displacement of XCoM1 from the first to the last block. 
However, analysis of the effects of perturbation within the first block, showed a decrease in 
XCoM1 from P1 to P10 (t=2.96, p=0.009).  
 XCoM2 was considered the compensatory response to the perturbation. As illustrated in 
Figure 4, participants were able to return the medial-lateral movement of the CoM to grossly 
within normal limits on the second step following the first perturbation. The shift in XCoM2 
decreased continuously so that by the end of the session the shift in CoM was less than that 
observed during unperturbed gait (t=4.72, p=0.002). Regression analysis indicated that both 
perturbation and block contributed significantly to the variance in XCoM2, accounting for 50.6% 
and 11.6%, respectively. The shift in CoM on the third step was always within normal limits and 
there was no statistically significant change across the session. 
Alterations in step width and length are indicative of the participants’ attempts to 
maintain the CoM within the base of support following a perturbation. As illustrated in Figure 4, 
the largest change in step width occurred on the first step following a perturbation and was 
always in the direction of the perturbation. Repeated exposure to identical perturbations did not 
alter the medial-lateral placement of the participants’ first step. In contrast, participants 
decreased the width of their second step and narrowed their base of support. Participants 
increased their step width during the first block, with this adjustment partially retained on the 
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first perturbation of the last block. Regression analysis indicated a significant block by 
perturbation interaction that accounted for 12.6% of the variance in step width (ES = 0.8). By the 
third step, step width had returned to its usual position following the first perturbation and did 
not change significantly throughout the session. 
In contrast to step width, step length on the first three steps analyzed following the first 
perturbation were significantly shorter than during unperturbed gait. The length of step 1 
decreased from P1 to P10 during the first block of perturbations while a small increase occurred 
from P1 to P10 on the last block as indicated by a block by perturbation interaction that 
accounted for 11.2% of the variance (ES = 0.7). The perturbation had the largest effect on the 
second step in that this step was the shortest. Following repeated exposure to perturbations, 
participants increased the length of step 2, but it remained shorter than baseline throughout the 
session. The modifications in step 2 observed during the first block were retained on the last 
block. Regression analysis indicated a significant effect of perturbation, block and an interaction 
between the two and accounted for 18.8, 15.5, and 15.6% of the variability in step length 2. The 
most dramatic effect of repeated perturbations occurred on the third step. Step 3 was initially 
shorter than unperturbed ones, but were longer by the end of the first block.  This increase was 
retained on B13P1. Analysis revealed a significant effect for perturbation, block and their 
interaction, accounting for 18.8%, 15.5%, and 15.6%, respectively.  
The minimum MoS averaged across the nine subjects during unperturbed gait was 39.7 
+19.4 mm. Interestingly, MoS increased on the first step following the first perturbation. By the 
end of the first block, MoS1 decreased to that observed during unperturbed gait and remained at 
that level during the last block of trials. Regression analysis indicted a significant block by 
perturbation interaction that accounted 26.2% of the variability in MoS1 (ES=1.2).  
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The first exposure to a perturbation had the greatest effect on MoS2. It decreased 
significantly from pre-perturbation levels, resulting in XCoM frequently moving outside the BoS 
(Figure D). Participants compensated for the effect of the perturbations by the end of the first 
block and retained this adjustment when re-exposed to the same perturbation on the last block. 
Analysis indicated that the perturbation by block interaction accounted for 24.9% of the variance 
in MoS2. A similar pattern was observed for MoS3 with the perturbation by block interaction 







Figure 4. Means and standard errors for first 3 steps after perturbation relative to the step prior to 
perturbation. B1P1 and B1P10 are the first and last perturbations in the first block. B13 P1 and 
B13 P10 are the first and last perturbations in the last block and are identical in amplitude to the 
perturbations in B1. A to C are displacements. Negative values indicate shifts smaller than the 
step prior to the perturbation. D: Margin of stability of the first 3 steps. Note that the MoS 
initially was less than during unperturbed gait and was frequently outside the BoS for step 2 





ii. Transfer of Compensatory Responses to the Contralateral Side 
 When comparing the first and last blocks of perturbations, the amplitude of the 
perturbation in both blocks was identical. This was not the case when comparing the first block 
with the first block of perturbations in the opposite direction and on the opposite foot (Bopp). 
Due to the limited number of participants, this block of perturbations varied in amplitude. 
Amplitude and the interactions between amplitude, block, and perturbation were initially 
assessed in the regression analysis. These independent variables accounted for a significant 
amount of the variability in the following dependent variables: XCoM1 (11.2%), XCoM2 
(15.1%), step 1 length (13.3%), and MoS3 (14.8%). Regardless of the amount of variance 
accounted for by amplitude and the associated interactions, their contribution to explaining the 
variance in the dependent variables was always removed from the regression analysis before 
assessing the contribution of block and perturbation. Briefly, perturbation and the block by 
perturbation interaction accounted for 13 and 10.6%, respectively, of the variability in XCoM1. 
Block accounted for 13.4% of the variability in XCoM2. Block accounted for 34.8% of the 
variability in the width of step 3. Perturbation accounted for 17.8% of the variability in the length 
of step 1 and 20% of the variability in the length of step 2. Perturbation, block, and their 
interaction accounted for 18.8, 10.6, and 16%, respectively, of the variability in the length of step 
3. 
As illustrated in Figure 5, the gait pattern following the first and last perturbation in Bopp 
were very similar to the modifications observed during the retention block (B13). Due to this 
strong similarity in the response to the first perturbation in B1 and Bopp, we performed paired t-
tests of the four variables to determine if any significant differences were present. No statistically 
significant difference was observed for any step of any variable analyzed. Thus, what was 
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learned during the first block of perturbations was carried over equally well under retention and 







Figure 5. Means and standard errors for the first 3 steps after perturbation. B1 P1 are the first and 
last perturbations in the first block Bopp P1 and Bopp P10 are the first and last perturbations on 
the opposite foot in the opposite direction of the first block. A to C are displacements relative to 
the step prior to the perturbation. Negative values indicate shifts smaller than the step prior to the 
perturbation. D: Margin of stability of the first 3 steps. Negative values indicate that the XCoM 








 Many studies have evaluated recovery from a slip perturbation (Bhatt et al., 2012; 
Oddson et al., 2004, Marigold & Patla, 2002), however the perturbation induced by the TPAD is 
different from a slip. While adults learn to shift their CoM anteriorly at heel strike and shorten 
their step length in preparation for an unknown perturbation after repeated slip perturbations 
(Bhatt et al., 2006a), no comparable proactive adjustments were made following perturbations 
from the TPAD.  Due to the TPAD perturbations originating from the pelvis as opposed to the 
foot, these proactive adjustments in exaggerated lateral foot placement may be an inefficient 
approach to improving stability, especially if the perturbation poses a low threat to stability. The 
majority of modifications in the corrective response during TPAD perturbations in this study 
were reactive, with more appropriate corrections occurring during the second and third steps 
following the perturbations.  
i. Learning within the First Block of Perturbations 
 As expected, the TPAD caused a large lateral shift in XCoM on the first step after the 
perturbation. Modifications in this shift with experience were limited due to the mechanics 
underlying the perturbation. In response to the shift in XCoM, subjects increased step width and 
decreased step length on the first step after the perturbation. This response resulted in subjects 
putting their foot down sooner and more laterally to stop the shift in the XCoM and maintain a 
safe MoS. Step pattern did not change following 10 perturbations of the same type. Participants 
in the present study may have not altered the stepping response for two reasons. First, this 
response worked well to maintain stability immediately following the perturbation. Second, the 
response may have been more reflexive in nature rather than cortically mediated and 
consequently more difficult to modify as compared to steps 2 and 3.  
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The reflexive nature of the response may have been primarily vestibular in origin. With 
each perturbation from the TPAD, the shift of the pelvis was roughly paralleled with a 
comparable shift of the head, which caused an increase in vestibular output to spinal interneurons 
and consequently could change the step pattern (Bent et al., 2005). However, unless the gain to 
the vestibular stimulus changed, the stepping response would remain the same. Spinal structures 
may also be an important part of reactive locomotor adaptations, as they provide some degree of 
flexibility to the basic locomotor pattern (Forssberg, Grillner, & Rossignol, 1975). Central 
Pattern Generators (CPGs) use the information from the vestibular system to control locomotion, 
while spinal reflex pathways and descending pathways converge on common spinal interneurons 
and play an integrative role in this control (Dietz, 2003). A combination of central programming 
and afferent inputs determines the mode of muscle synergy organization to provide an 
appropriate response to various gait conditions (Horak and Nashner, 1986; Dietz, 1992). This 
role of CPGs is supported by the fact that feedback-driven locomotor adaptations are not 
dependent on the cerebellum (Morton & Bastian, 2006). Previous literature reports unimpaired 
rapid reactive adjustments of stride length and stance and swing times in people with significant 
cerebellar damage (Morton & Bastian, 2006; Earhart & Bastian, 2001). These reactive 
adjustments may explain the way participants in this study responded to the first step after the 
perturbation. 
The second step after the perturbation was considered the compensatory response. The 
time between the perturbation and the second step was well beyond the range of reflexive 
activity and was most likely cortically mediated. Interestingly, this part of the response was 
initially the most destabilizing. It was during this part of the response that the XCoM frequently 
fell outside of the BoS. This loss of stability resulted from the subjects overcompensating and 
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shifting the XCoM too far in the opposite direction and taking too narrow of a step. The length of 
the second step was also the smallest of all the steps. This was probably an attempt to get the foot 
down as quickly as possible and minimize the destabilizing effects caused by the exaggerated 
compensatory forces generated by the other leg. Thus, the greatest instability was not directly 
due to the perturbation, but due to the inaccuracy of the compensatory response. Over the course 
of 10 perturbations, subjects learned an effective strategy to increase stability that was primarily 
due to reducing the compensatory shift in XCoM to normal levels and increasing step width 
resulting in a MoS that was within normal limits. This agrees with previous literature, as Hak et 
al. (2012) suggested that this adaptation in step length, in addition to modulations in step 
frequency and step width, in response to the perturbations may be a strategy to decrease the 
probability of falling. However, this decrease in step length may also be due to the need for 
participants to decelerate the XCoM from moving outside of the lateral BoS, which required 
them to quickly place their foot on the ground. Furthermore, Hak et al. (2012) reported that 
participants increased their backward and sideward MoS, which also implies a risk of falling in 
these directions. However, participants in this study indicated a difference in MoS from baseline 
during the second step only. Participants kept their XCoM within their BoS by the end of the first 
block of perturbations and stability continued to improve to the last block of perturbations.    
By the third step after the perturbation, all variables except step length, were within 
normal limits. Step length was initially much shorter than normal. However, by the end of the 
first block, participants had increased step length 3 so it was longer than normal limits. This was 
most likely due to the need to compensate for the shorter steps associated with the first 2 steps. 
Because subjects were on a treadmill, taking smaller steps would place them closer to the end. In 
order to return to the middle of the treadmill, longer steps were necessary. This gradual 
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movement back towards the center of the treadmill has been observed in other gait perturbation 
studies (Hof et al., 2010). Whether this lengthened step would occur during over ground 
locomotion is unclear.    
While the cerebellum was not responsible for the reactive responses observed in the first 
step after the perturbation, the participants’ return to baseline values by the third step may be due 
to the cerebellum, since it can help predict appropriate limb movements based on a stored 
internal representation (Maschke et al., 2004; Smith & Shadmehr, 2005). As the participant 
experienced multiple perturbations of the same type, the cerebellum generated corrective signals 
and thus gradually reduced the error that occurred after the perturbation (Kendall, Schwartz, 
Jessell, Siegelbaum, & Hudspeth, 2013). Lack of change in MoS from B1P1 to B13P1 may be 
due to the similarity in step width between step width 3 and baseline. The modifications made in 
step width 2 were effective enough to allow participants to return to baseline by step width 3. 
ii. Retention and Transfer 
One of the most interesting findings of the present study is the similarity between the 
retention and baseline values associated with the second and third step after the perturbation. 
Interestingly, the XCoM and step width associated with the first after the perturbation differed 
from baseline consistently within the first and last block of perturbations. This may be due to the 
notion that the first step remains reactive in nature throughout the entire protocol. Because foot 
placement and MoS are components of XCoM, the fact that there was a difference in step width 
(e.g. foot placement), may have consequentially caused the XCoM to remain different from 
baseline values as well. Participants of this study demonstrated their capacity to learn, defined as 
the process that occurs during the development of the consistency and stability of a new state 
(Magill & Anderson, 2014), within the first block of perturbations from which they developed a 
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new stable state (e.g. demonstrating values similar to baseline). This has also been shown by 
Lee, Swinnen, and Verschueren (1995) when participants were asked to learn a new asymmetric 
bimanual coordination pattern. Participants showed a large amount of variability during the pre- 
and post-test sessions of the first and second days, but participants had achieved the appropriate 
pattern by the pre-test of the third day. This pattern remained the same at post-test of the third 
day as well, indicating that once the participants had learned the pattern, they were able to 
reproduce it at a later time. In relation to the present study, this demonstrates that when a stable 
state has been achieved (e.g. the participants learned how to recover from the perturbations 
appropriately), slight disturbances to the system should not disrupt the stable movement pattern.  
 Participants did not indicate differences between perturbations representative of retention 
or of transfer (e.g. perturbations of the same type in the opposite direction). Furthermore, 
participants indicated a learning effect after only one block (e.g. 10 perturbations) of the same 
type, illustrated by a return to baseline values. This indicates that once participants learned how 
to recover from a perturbation, they retained that learning and were able to apply it to the 
recovery from perturbations of the same type at a later point in time. This learning also 
transferred to recovery from perturbations of the same type in the opposite direction, as 
participants were able to adapt what they had learned from the first block of perturbations to 
perturbations of the opposite direction.  
Within the central nervous system (CNS), retention is accompanied by changes in both 
cortical and subcortical structures, including the basal ganglia and the cerebellum, for tasks that 
involve involuntary movements (Kuwato, Furukawa, & Suzuki, 1987). Previous literature has 
stated that the process of updating the internal representation of a participant’s stability limits 
(Bhatt, Wening, & Pai, 2006; Pai, Wening, Runtz, Iqbal, & Pavol, 2003) is most likely 
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associated with a shift from a reliance on long-loop reflex pathways within the spinal cord and 
the brain stem (Hiebert, Gorassini, Jiang, Prochazka, & Pearson, 1994; Forssberg, Grillner, & 
Rossingnol, 1975) to increased subcortical and cortical influence (Drew, Jiang, & Widajewicz, 
2002). A shift of this type would also result in the development of an increase in memory from 
short-term to a long-term stable state (Shadmehr, & Holcomb, 1997). These changes may have 
occurred after the first block of perturbations, which aided the participants during the last block 
of the same type of perturbations and the block of perturbations in the opposite direction.  
In addition to basal ganglia and cerebellum modulations, a potential motor control 
explanation for this type of bilateral transfer incorporates the GMP and dynamical systems 
theories. Since muscles are a parameter that a person adds to the GMP in order to accomplish an 
action goal, as opposed to the muscles acting as an invariant characteristic of the GMP, the GMP 
does not develop a muscle specific program to control motor skill performance (Magill & 
Anderson, 2014). Instead, the GMP theory indicates that because practicing a skill with one limb 
establishes the development of a GMP, it can then be applied to the performance of the 
contralateral limb by employing the muscles parameter for that limb to the GMP. Additionally, 
dynamical systems theory indicates that what is learned is not specific to the limb used to 
practice the skill. Rather, skill learning is effector independent, meaning that coordination 
dynamics are learned without reference to a specific limb or limbs involved during skill practice. 
This has been shown by Kelso and Zanone (2002) when participants who learned a novel relative 
phase with their arms or legs successfully transferred the skill to the non-practiced pair of limbs.  
iii. Conclusions 
 Pelvic perturbations from the T-PAD highlighted different motor control strategies used 
by participants to maintain dynamic balance during each trial. While the first step after the 
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perturbations remained reactive, regardless of the amplitude or direction of the perturbation, 
participants regained baseline levels by the third step following the perturbation. Furthermore, 
participants learned how to appropriately respond to perturbations after 10 repeated exposures. 
This learning carried over to retention, evidenced by participants appropriately responding to the 
same perturbation after 12 blocks of perturbations varying in amplitude and direction, and 
transferred to perturbations in the opposite direction. This illustrates the ability of the CNS to 
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